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SUMMARY 


The  objectives  of  this  program  were  (l)  to  determine  analytically  the 
advantages  of  using  solid  oxygen  for  long-term  storage  compared  to  sub- 
critical  liquid  and  supercritical  oxygen  for  space  systems,  and  (2)  to 
determine  the  feasibility  of  transporting  oxygen  from  the  solid  state  to  a 
condition  suitable  for  breathing. 

The  analysis  was  made  for  two  conditions  of  oxygen  storage  -  with  con¬ 
tinuous  use  by  crew  members,  and  under  conditions  where  oxygen  is  not  being 
continuously  used  during  the  storage  period.  Practical  storage  vessel  designs 
were  selected  for  the  study  having  supports  to  withstand  two  different  G  loads. 
Both  multilayer  and  multiple-shield  insulations  were  used  in  the  study. 
Equations  were  developed  to  determine  the  initial  storage  system  weight  and 
the  oxygen  supply  duration  as  a  function  of  the  type  of  oxygen  storage  - 
solid,  saturated  liquid,  and  supercritical  fluid.  In  the  case  of  continuous 
use  of  the  oxygen  for  space  cabin  supply,  the  number  of  crew  members  and 
cabin  leakage  were  additional  independent  parameters.  The  equations  were 
programmed  for  tha  IBM  360  and  cafes  were  run  over  a  range  of  potential  space 
missions  conditions. 

For  the  case  of  continuous  consumption  by  crew  members,  the  results 
indicated  that  solid  oxygen  had  a  small  performance  advantage  over  the 
presently  used  subcritical  oxygen  supply  system.  This  advantage  would  be 
nullified  by  the  need  for  additional  equipment  to  transport  the  solid  oxygen 
to  a  breathable  state.  In  this  application,  the  need  to  draw  off  oxygen  at  a 
given  rate  for  crew  consumption  nullified  the  major  advantage  of  solid  oxygen  - 
the  greater  heat  absorbing  capability  of  solid  oxygen  over  the  liquid  and 
supercritical  state. 

When  the  oxygen  was  not  being  continuously  used  to  supply  a  space  cabin 
atmosphere  for  cr-w  members,  storage  of  oxygen  in  the  solid  state  was  found 
to  be  significantly  better  from  a  duration  standpoint  than  storing  the  oxygen 
as  a  saturated  liquid  for  a  ^’’oercritical  fluid.  The  gain  is  significant 
enough  to  seriously  consider  solid  oxygen  in  place  of  subcritical  or  super¬ 
critical  oxygen  for  long-term  storage  under  these  conditions.  Supercritical 
oxygen  was  shown  to  be  poor  for  long-term  storage  due  to  the  lower  specific 
heat  of  the  fluid  in  the  supercritical  condition.  The  better  performance  of 
solid  oxygen,  more  than  twice  the  storage  life  in  this  case,  is  due  to  the 
fact  that  advantage  is  taken  of  the  heat  of  fusion,  heats  of  transition,  and 
the  additional  sensible  heat  in  solid  oxygen  to  extend  the  rtorage  life. 
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Experimental  studies  were  conducted  on  transporting  oxygen  from  the  vacuum 
storage  condition  to  a  condition  suitable  for  breathing.  Oxygen  was  solidified 
for  these  experiments  ty  cooling  with  solid  nitrogen  under  vacuum  conditions. 

Two  transport  methods  ve re  evaluated.  One  method  was  to  adsorb  the  vapor 
subliming  from  the  solid  oxygen  on  molecular-sieve  cryosorption  pumps  cooled 
to  liquid  nitrogen  temperature.  After  the  pump  is  saturated  with  oxygen  vapor, 
it  is  isolated  frcm  the  vacuum  storage  vessel  and  heated  to  de-adsorb  the 
oxygen  into  the  space  cabin  atmosphere.  The  experiments  showed  that  this 
method  is  feasible.  However,  low  vapor  flow  conductance  and  slow  cryosorption 
pump  cooldown  rates  were  encountered  in  the  experimental  work.  Practical  appli¬ 
cation  of  this  transport  method  to  space  systems  will  require  system  designs 
that  avoid  these  problems. 

The  other  transport  method  which  was  experimentally  evaluated  was  to 
physically  move  a  solid  piece  of  oxygen  frcm  the  vacuum  storage  vessel  to  the 
space  cabin  atmosphere.  An  airlock  system  was  used  to  maintain  a  vacuum  in 
the  storage  vessel  during  the  transfer.  During  transfer,  one  valve  is  opened 
between  the  airlock  chamber  and  the  storage  vessel.  The  solid  oxygen  block 
is  mechanically  moved  into  the  airlock  chamber.  When  the  valve  is  closed 
between  the  airlock  chamber  and  the  storage  vessel,  and  the  valve  opened 
between  the  airlock  chamber  and  the  cabin  atmosphere,  the  solid  oxygen  melts 
and  vaporizes  into  the  cabin  atmosphere.  Initial  transfer  of  the  solid  oxygen 
was  attempted  by  using  a  magnet  since  oxygen  possesses  paramagnetic  properties. 
Although  the  oxygen  could  be  picked  up  and  moved,  these  preliminary  results 
were  inconclusive  because  of  secondary  adhesion  effects  due  to  the  oxygen 
freezing  to  the  magnet.  The  solid  oxygen  block  could  be  readily  picked  up 
with  a  nook  or  with  a  magnet  if  a  wire  was  frozen  into  the  oxygen  block. 

There  appeared  to  be  no  problem  in  adapting  this  transport  method  to  a  space 
system. 


Storage  of  oxygen  in  the  solid  form  was  shown  to  have  significant  advan¬ 
tages  over  the  liquid  or  supercritical  fluid  when  the  oxygen  was  consumed  only 
intermittently.  Transport  of  the  solid  oxygen  in  blocks  through  an  airlock 
valve  was  also  found  to  be  feasible.  These  methods  could  be  used  in  a  practical 
oxygen  storage  system  as  an  emergency  or  reserve  supply  or  for  extra-vehicular 
ac  ivitios. 
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SECTION  I 


INTRODUCTION 


The  oxygen  storage  and  supply  system  is  a  critical  component  of  a  manned 
space  vehicle.  The  larger  number  of  crew  members  now  being  considered  for 
advance  space  vehicles  will  impose  severe  requirements  on  the  environmental 
control  system  from  the  standpoint  of  reliable  long-term  storage  of  oxygen. 

Oxygen  is  conventionally  stored  as  a  liquid  in  either  the  subcritical  or  super¬ 
critical  conditions.  However,  volume  storage  capacity  of  oxygen  can  be  reduced 
if  the  oxygen  is  stored  as  a  solid.  Certain  benefits  a; pear  to  exist  for  solid 
oxygen  in  terms  of  transporting  oxygen  under  zero-G  condition  and  for  long-term 
dead  storage  of  oxygen. 

Under  the  sponsorship  of  the  Aerospace  medical  Research  Laboratories, 
Aerojet-General  has  performed  a  10-month  program  encompassing  both  analytical 
and  experimental  tasks  to  evalu  te  the  use  of  solid  oxygen  for  the  environment 
oxygen  supply  of  a  manned  space  vehicle.  This  report  represents  the  culmination 
of  the  program  effort  and  contains  the  results  of  the  analytical  and  experi¬ 
mental  studies.  The  information  provided  by  this  study  will  allow  the  selection 
of  practical  approaches  for  further  study  with  respect  to  their  application  to 
existing  and  future  system  requirements. 

PROGRAM  OBJECTIVES 

Analytical  Study 

The  basic  objective  of  the  analytical  tud.y  was  to  evaluate  the 
storage  capability  of  solid  oxygen  in  comparison  with  storage  of  oxygen  in  the 
subcritical  and  supercritical  condition.  The  comparison  was  to  be  made  using 
realistic  cryogenic  storage  vessels  h-ving  a  range  of  insulation  characteristics 
and  designed  to  survive  high  launch  G-loads.  Two  storage  conditions  are  of 
interest  for  solid  oxygen:  (l)  comparatively  loner-term  storage  without  using 
the  oxygen  followed  by  a  period  of  usage  and  (P)  short-term  storage  where  the 
oxygen  will  be  used  for  crew  breathing  as  soon  as  the  vehicle  is  in  orbit.  A 
comparison  of  solid  oxygen  with  subcritical  and  supercritical  oxygen  for  these 
two  conditions  is  of  interest.  The  evaluation  of  these  analytical  comparisons 
will  indicate  the  practical  applications  of  solid  oxygen  as  well  as  the  potential 
gain  in  performance  b.y  usin  "  solid  oxygen. 

Experimental  Gtudy 

The  basic  objective  of  the  experimental  prera--  was  to  emonstrate 
the  feasibility  of  transporting  the  oxyge"  from  the  soli-:  storage  conditions 
to  the  conditions  suitable  for  use  by  crew  members,  i.e.,  an  oxygen  pressure  of 
about  150  t'jrr  at  ambient  temperature.  Two  methods  appeared  to  he  or  interest; 
one  method  involves  the  adsorption  and  desorption  of  the  oxygen  vapor  on  an 
adsorbent,  and  the  second  method  involves  the  mechanical  movement  of’  the  solid 
oxygen  through  an  airlock  between  the  twe  pressure  and  temperature  conditions. 

The  tests  were  directed  toward  establishing  the  feasibility  of  these  methods 
and  obtaining  data  for  a  "reliminary  evaluation  of  the  "radical  ity  of  using 
these  approaches  in  an  operating  system. 
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BACKGROUND  TECHNOLOGY 


Solid  cryogens  have  found  many  uses  in  advanced  technology  areas,  primarily 
for  space  and  airborne  applications.  Many  of  these  applications  involve  the  use 
of  the  cryogen  for  cooling  (Plaks,  1966;  Gross  et  al,  1962;  and  Gross  et  al, 

1964).  Slush  or  solid  hydrogen  have  also  been  considered  for  improving  propel¬ 
lant  storage  in  hydrogen- fueled  vehicles.  The  major  factor  involved  in  the 
consideration  of  the  solid  phase  is  the  fact  that  many  problems  associated  with 
storage  of  the  liquid  or  gas  can  be  avoided.  These  include  liquid  sloshing 
durintr  vehicle  maneuver,  zero-G  two-phase  supply  problems  with  subcritical  liquid, 
and  high  pressure  tankage  requirements  for  the  supercritical  liquid  and  gas 
storage. 

Solid  storage  of  oxygen  has  not  been  extensively  stu  led.  However,  con¬ 
siderable  work  has  been  accomplished  on  solid  storage  of  nitrogen,  hydrogen, 
methane,  and  neon.  The  technology  developed  from  working  with  these  cryogens  is 
directly  applicable  to  solid  oxygen.  Of  particular  interest  is  that  the  tech¬ 
nology  of  insulating  and  supporting  cryogenic  tanks  is  available  to  design  a 
thermally  practical,  solid-oxygen  storage  Sj.cem. 

The  basic  technology  for  preliminary  evaluation  of  the  solid  oxygen  storage 
and  supply  system  is  available.  The  speciiic  problems  in  applying  this  tech¬ 
nology  to  the  solid  oxygen  system  must  be  ascertained. 


2 


SECTION  II 


PROGRAM  PLAN 


The  objectives  of  this  program  dictated  that  the  analytical  and  experi¬ 
mental  parts  of  the  program  could  be  essentially  independent  of  each  other. 

To  assure  that  the  analytical  study  would  take  advantage  of  any  technology 
developed  in  the  experimental  study,  the  analytical  study  was  to  start  later 
in  the  program  with  the  experimental  work  on  oxygen  transport  preceding  the 
analytical  study.  The  general  program  schedule  is  shown  in  figure  1. 

EXPERIMENTAL  PLAN 

The  experimental  effort  was  divided  into  two  phases  as  shown  in  figure  1. 

The  initial  phase  involved  the  evaluation  of  the  adsorption-desorption  method 
of  transporting  oxygen  from  a  subliming  vapor  at  low  pressures  and  temperat’Tes 
to  a  vapor  under  the  pressure  and  temperature  conditions  of  a  space  cabin.  This 
work  was  to  take  the  form  c*'  experiments  to  determine  the  feasibility  of  the 
approach  and  to  provide  data  to  make  a  preliminary  evaluation  of  the  practic¬ 
ability  of  the  approach.  Tests  were  planned  in  which  the  adsorption  of  oxygen 
vapor  subliming  from  solid  oxygen  would  be  demonstrated.  Tests  were  also 
planned  to  provide  the  adsorption  rate  of  cold  oxygen  vapor  for  various  tempera¬ 
tures  of  the  cryosorption  pump.  The  work  was  to  be  done  on  a  laboratory  scale 
using  solid  nitrogen  to  prepare  the  solid  oxygen. 

The  second  phase  of  the  experimental  work  was  to  demonstrate  the  transport 
of  solid  oxygen  by  mechanical  transport  from  the  low-pressure,  low-temperature 
storage  area  to  a  chamber  where  the  oxygen  could  be  transformed  to  a  breathable 
condition.  The  tests  would  disclose  major  problems  in  this  approach  and,  thereby, 
provide  preliminary  information  to  indicate  the  best  mechanical  method  to  use. 

This  work  was  to  be  done  on  a  laboratory  scale  using  solid  nitrogen  to  prepare 
the  solid  oxygen. 

From  a  temperature  difference  standpoint,  the  best  method  of  solidifying 
oxygen  is  with  liquid  helium.  However,  liquid  helium  is  expensive,  and  its  use 
becomes  impractical  for  the  scope  of  this  feasibility  program  since  the  quanti¬ 
ties  of  solid  oxygen  required  could  be  prepared  using  solid  nitrogen. 

ANALYTICAL  PLAN 

The  basic  plan  for  the  analytical  phase  of  the  program  was  to  evaluate  the 
use  of  solid  oxygen  for  application  in  manned  space  systems  for  storage  and 
supply  of  breathable  oxygen.  The  study  was  to  evaluate  the  use  of  solid  oxygen 
to  improve  the  storage  life  cf  oxygen  when  it  is  not  being  consumed,  as  well  as 
the  use  of  solid  oxygen  for  storage  and  supply  systems  during  continuous  use 
by  crew  members.  The  application  potential  of  solid  oxygen  was  to  be  developed 
by  comparison  with  the  use  of  subcritical  and  supercritical  oxygen  storage. 

The  work  involved  in  the  analytical  phase  would  initially  require  develop¬ 
ing  the  analytical  procedures  and  then  programming  these  procedures  for  use  on 
the  IBM  360  digital  computer. 
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Figure  1.  Program  Schedule  Contract  F33615-67-C-1849 
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The  basis  for  the  study  was  to  be  am  oxygen  storage  vessel,  thermally 
insulated,  and  having  thermal  isolation  supports  to  handle  realistic  launch 
G-loads.  The  insulation  and  support  methods  were  to  be  considered  for  all 
three  oxyren  storage  methods  (solid,  subcritical,  and  supercritical)  so  that 
comparison  of  optimum  designs  for  each  method  can  be  made. 

GiKERAL  OXYGEN  PROPERTIES 

The  physical  and  the/modynamic  properties  of  oxygen  in  the  liquid  and 
solid  state  are  important  in  developing  the  storage  and  transport  systems 
analytically,  and  for  establishing  the  conditions  that  are  used  in  the  experi¬ 
mental  work.  Data  in  the  liquid  and  gaseous  state  is  readily  available  in 
the  literature.  Information  on  solid  oxygen,  however,  is  not  extensively 
available.  Properties  of  solid  oxygen  given  in  Mullins  et  al  (1^65)  were  used 
in  this  study  since  it  was  the  most  complete  compilation  of  solid  oxygen  data 
available  in  the  literature.  The  vapor  pressure  of  solid  oxyren  is  shown  in 
figure  2,  and  the  specific  heat  of  the  solid  oxygen  is  shown  in  figure  3. 
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Figure  2.  Vapor  Pressure  of  Solid  Oxygan 
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FROM  SCOT  (1959) 


Figure  3.  Heat  Capacity  of  Cbqrgen  in  the  Solid  and  Liquid  States 
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SECTION  III 


EXPERIMENTAL  STUDY 


OXYGEN  TRANSPORT  BY  THE  ADSORPTION  METHOD 

Solid  Oxygen  Sublimation  Laboi  .tory  Tests 

The  purpose  of  the  initial  t  sts  was  to  determine  important 
parameters  involved  in  the  transport  of  oxygen  from  a  stored  solid  to  a 
breathable  ?tate  by  the  use  of  molecular  sieve  adsorbents  that  have  been 
coo'ed  to  temperatures  obtainable  by  passive  radiation  to  space. 

Test  Apparatus 

The  basic  arrangement  for  this  first  experimental  test 
is  shown  schematically  in  figure  4,  and  the  working  vessel  for  preparing 
and  storing  the  solid  oxygen  is  shown  schematically  in  figure  5.  A 
photograph  of  the  complete  test  system  for  transport  b,  adsorbents  is 
shown  in  figure  6. 


The  working  vessel  consists  of  a  double-wall  container 
with  associated  filling  and  evacuation  lines,  a  pressure  sensing  tube, 
and  an  evacuation  line  leading  into  the  space  between  the  double  walls. 
The  space  between  the  double  walls  can  be  evacuated  to  provide  ar.  insu¬ 
lation  space  or  filled  with  helium  gas  to  serve  as  a  thermal  conductor. 
The  pressure  sensing  tube  from  the  oxygen  container  was  connected  to  a 
pressure  gauge  to  indicate  the  state  of  the  oxygen. 

The  cryosorption  pump  provides  a  lew  pressure  over 
the  stored  oxygen  and  acts  as  a  collector  and  pressure  raising  device 
for  the  subliming  oxygen.  Valves  are  provided  so  that  the  pumps  can  ve 
alternately  and  sequentially  removed  from  the  low-temperature  bath  for 
measurement  of  the  amount  of  oxygen  evolved  at  a  breathable  pressure. 

By  using  three  cryosorption  pumps,  this  can  be  done  on  a  continuous 
basis . 


The  gaseous  oxygen  de-absorbed  from  the  cryosorption 
pumps  by  heating  was  condensed  and  measured.  This  was  done  in  the 
collection  and  measuring  apparatus  shown  in  figure  6.  Condensing  was 
accomplished  by  surrounding  the  oxygen  collection  tube  vi th  liquid 
nitrogen.  The  amount  transferred  was  determined  by  measuring  the  level 
cf  the  liquified  oxygen  with  a  cathetometer. 

Test  Operations 
Procedure 

The  procedure  for  operation  of  the  test  system 
was  as  follows  (see  figure  4): 
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Figure  4.  Experimental  Setup-Transport  by  Adsorbents 
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1 .  The  test  Dewar  is  partially  filled  with  liquid 

nitrogen. 

2.  The  space  between  the  double  walls  of  the  work¬ 
ing  vessel  is  evacuated,  and  the  working  vessel  and  Dewar  cover  are 
installed  in  the  test  Dewar. 

3.  The  inner  container  of  the  working  vessel  is 
filled  with  liquid  oxygen  and  the  fill  line  sealed. 

4.  The  space  between  the  double  walls  of  the  work¬ 
ing  vessel  is  filled  with  helium  that  provides  a  thermal  conduction  path 
and  allows  the  liquid  oxygen  to  cool  to  the  liquid  nitrogen  temperature. 

„  5.  Vacuum  pumping  reduces  the  pressure  in  the  test 

Dewar,  causing  the  nitrogen  to  solidify  ana  cool  to  temperatures  of  about 
48  tc  50K. 


6.  The  solid  nitrogen  then  cools  the  liquid  oxygen 
through  the  helium  space  to  a  temperature  where  it  solidified  (54.36K). 

7.  After  the  oxygen  is  solidified,  the  helium  is 
evacuated  from  between  the  double  walls  of  the  working  vessel,  and  the 
solid  oxygen,  under  vacuum  storage  conditions,  is  now  available  for  the 
adsorption  experiments. 

8.  The  cryosorption  pumps  are  then  cooled  and  con¬ 
nected  in  sequence  to  the  solid  oxygen  storage  container.  The  pumps  are 
allowed  to  adsorb  the  sublimed  oxygen  at  a  pressure  of  1.14  torr  or  less. 
After  adsorption  on  a  pump  is  completed,  the  pump  is  isolated  from  the 
solid  oxygen  container  by  means  of  valves,  and  the  pump  is  warmed  to 
deadsorb  the  oxygen  at  a  considerably  higher  pressure  than  the  vapor 
pressure  of  the  solid.  The  deadsorption  pressure  was  150  torr  for 
these  tests  (the  vapor  pressure  of  oxygen  at  77K). 

Shakedown  Operation 

Initial  operations  with  the  test  system  dis¬ 
closed  two  areas  in  the  test  apparatus  requiring  modifications. 

First  of  all,  the  solid  nitrogen  in  the  test 
Dewar  surrounding  the  working  vessel  could  not  be  cooled  by  vacuum 
pumping  to  a  temperature  sufficiently  low  to  solidify  the  oxygen  using 
the  existing  equipment.  The  lowest  temperature  that  can  be  achieved 
by  vacuum  pumping  over  a  solid  such  as  nitrogen  is  a  function  of  its 
evaporation  rate.  To  lower  the  sublimation  temperature  of  the  solid 
the  vacuum  pumping  system  should  be  increased  in  size,  and/or  the  heat 
leak  into  the  vessel  reduced.  The  system  was  modified  by  increasing 
the  capacity  of  the  vacuum  pump  from  14.2  to  38  liters  per  second,  and 
a  low-emissivity  shield  was  placed  between  the  surface  of  the  nitrogen 
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and  the  cover  of  the  test  Dewax.  These  modifications  increased  the 
evaporation  rate  and  reduced  tie  heat  leak  rate  to  the  point  where  a 
nitrogen  temperature  of  50K  was  obtained  as  shown  by  the  pressure 
measured  over  it  of  3  torr.  This  temperature  is  sufficiently  lower 
than  the  54.36K  required  for  solidifying  oxygen. 

The  second  problem  was  that  the  oxygen  in 
the  inner  container  of  the  working  vessel  would  not  solidify  in  a 
reasonable  length  of  time  when  the  solid  nitrogen  temperature  was 
around  50K.  The  heat  transfer  rate  between  the  solid  nitrogen  and 
the  oxygen  was  not  sufficient .  The  two  major  causes  of  a  low  heat- 
transfer  rate  are  the  thermal  resistance  of  the  helium  transfer  gas 
and  the  thermal  resistance  of  the  gap  created  by  the  solidifying 
nitrogen. 


To  evaluate  the  cause  of  the  heat  transfer 
problem,  a  special  test  was  conducted  using  liquid  nitrogen  in  the 
inner  container  of  the  working  vessel  where  oxygen  is  normally  con¬ 
tained.  The  test  Dewar  was  charged  with  about  75  liters  of  liquid 
nitrogen  and  the  inner  container  was  loaded  with  0.88  liters  of  liquid 
nitrogen.  The  intermediate  volume  between  the  two^nitrogen  areas  was 
filled  with  helium  gas  at  a  pressure  of  1.06  kg/ cm  absolute.  The  test 
Dewar  containing  the  75  liters  of  liquid  nitrogen  was  then  evacuated  by 
connecting  it  to  the  vacuum  pumps. 

Figure  7  shows  the  temperatures  observed  in  the 
test  apparatus  from  the  vapor  pressure  measurements  in  each  nitrogen 
container.  The  pump-down  curve  for  the  evacuated  nitrogen  in  the  test 
Dewar  is  shown  as  curve  II.  The  section  of  this  curve  from  "a"  to  "b" 
shows  nitrogen  as  a  liquid;  from  "b"  to  "c"  the  nitrogen  is  solidifying, 
and  from  "c"  to  "d"  the  nitrogen  is  a  solid  and  continues  to  drop  in 
temperature  with  continued  numping.  Curve  I  in  figure  7  shows  the  tem¬ 
peratures  during  cool-down  Oj.  the  nitrogen  in  the  inner  container,  and 
curve  III  shows  the  heat  transfer  rate  between  the  nitrogen  in  the  inner 
container  and  the  nitrogen  in  the  test  Dewar  as  calculated  from  the 
temperatures  and  the  properties  of  the  materials.  It  is  apparent  from 
curve  III  that  the  rate  of  heat  transfer  decreases  appreciably  after  the 
nitrogen  in  the  Dewar  solidifies,  approaching  15  calories  per  minute 
after  two  hours.  To  determine  whether  the  unexpected  heat  transfer 
resistance  was  through  the  helium  gas  or  in  the  nitrogen,  calculations 
were  made.  The  heat  transfer  through  the  helium  gas  was  over  30  calories 
per  mi'"te  by  conduction  alone,  and  therefore  the  helium  was  not  the  source 
of  the  .normal  resistance.  The  calculations  indicated  that  a  gap  between 
the  solid  nitrogen  and  the  inner  container  of  about  0.01  cm  would  give  a 
heat  transfer  rate  of  15  calories  per  minute.  Therefore,  the  reason  for 
the  high  heat  transfer  resistance  between  the  solid  nitrogen  and  the 
inner  container  was  the  presence  of  a  gap  at  this  interface  caused  by 
the  subliming  nitrogen.  To  solve  this  problem  by  reducing  the  effects 
of  gap  resistance,  copper  conduction  strips  were  attached  to  the  bottom 
of  the  working  vessel  and  extended  into  the  solid  nitrogen  area  in  the 
test  Dewar.  A  sketch  of  this  modification  is  shown  in  figure  8.  The 
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Figure  7.  Test  Results  for  Heat  Transfer  Evaluation 
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tests  described  in  the  next  section  indicated  that  these  problems 
were  satisfactorily  solved  by  the  modifications  that  were  made. 

Test  Runs 

Two  test  runs  were  made  in  which  solid  oxygen 
was  prepared  in  the  working  vessel  and  the  subliming  vapors  collected 
on  the  cryosorption  pumps.  The  oxygen  in  the  pump  was  driven  off  by 
heating  the  pump.  The  amount  of  oxygen  collected  in  the  pumps  was 
measured  bir  condensing  the  vapors  in  a  calibrated  glass  tube  immersed 
in  liquid  n.* trogen  and  determining  the  liquid  level  with  a  cathetometer. 

Teat  Run  No.  1 

The  test  Dewar  was  filled  with  liquid 
nitrogen.  Oxygen  from  a  gas  bottle  flowed  through  a  coil  immersed  in 
liquid  nitrogen,  where  it  was  liquefied,  and  then  it  passed  into  the 
inner  container  of  the  working  vessel.  Helium  gas  was  added  to  the 
space  between  the  vessels  to  a  pressure  of  one  atmosphere.  The  test 
Dewar  with  the  liquid  nitrogen  was  then  connected  to  the  vacuum  pump 
and  evacuation  started.  Table  I  shows  the  pressures  measured  in  the 
nitrogen  Dewar  and  oxygen  container  during  pump-down. 

The  helium  was  pumped  out  from  the  space 
between  the  solid  cryogens  to  thermally  isolate  the  solid  oxygen,  and 
the  cryosorption  pump  tests  started.  The  pumps  were  connected  to  the 
solid  oxygen  in  sequence,  and  after  disconnecting,  they  were  allowed  to 
warm  up.  To  accelerate  the  warm  up  of  the  pump,  an  electric  heater  was 
inserted  in  the  center  cavity  of  the  pump,  isolated  from  the  molecular 
sieve  by  the  casing.  The  oxygen  was  transferred  to  the  measuring  tubes 
by  using  the  pumps  until  the  pressures  in  the  test  system  indicated  that 
further  transfer  was  impractical.  The  amount  of  gaseous  oxygen  trans¬ 
ferred  by  the  cryosorption  pump  in  this  test  was  about  3  cc  in  tue  con¬ 
densed  liquid  state. 


Test  Run  No.  2 

This  test  run  was  similar  to  No.  1  except 
that  the  cryosorption  pumps  were  more  extensively  activated  to  eliminate 
all  traces  of  moisture  in  the  molecular  sieve.  Activation  was  accom¬ 
plished  by  heating  the  pumps  to  240C  enter  vacuum  until  the  pressure  on 
an  absolute  pressure  gauge  read  zero.  *n  this  test,  10.0  cc  of  condensed 
liquid  oxygen  were  transferred  to  the  0.625  cm  ID  and  2.19  cm  ID  oxygen 
measuring  tubes  as  a  gas. 

Test  Run  No.  3 

This  test  was  a  repeat  of  test  run  No.  2. 

In  this  test,  20.0  cc  of  condensed  oxygen  were  transferred  by  using  all 
three  oxygen  measuring  tubes,  the  0.625  cm  ID,  the  2.19  cm  ID,  and  the 
2.50  cm  ID  tubes. 
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TABLE 


TEST  SYSTEM  P 
OXYGEN  TRANSPORT  BY  . 

Run  No. 


Pressure  of  nitrogen 
in  test  dewar, 


Time 

mm  He 

0857 

83  -  solid  nitrogen 

0932 

42.3 

0945 

29-5 

1007 

13 

1025 

8.4 

1040 

6.5 

1055 

5.5 

1120 

4.5 

1200 

3.5 

1300 

3 

1326 

2.6 

1327 

2.6 

17 


DOWN 


80 

68.5 
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52 

49.4 
48 
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43.5 
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1.2  -  solid  oxygen 
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Teat  Results 


The  feasibility  of  transporting  oxygen  froia 
the  subliming  solidified  state,  occurring  at  1.14  torr  or  less,  to  a 
pressure  sufficiently  high  to  breathe  was  successfully  demonstrated. 

An  approximate  200:1  compression  of  the  ouygen  vapor  was  accomplished 
using  thermal  energy;  no  mechanical  energy  war  used  or  required. 

The  rate  of  oxygen  transport  from  the  solidified 
condition  by  means  of  a  5A  type  molecular  sieve  (synthetic  zeolite- 
calcium  alumna  silicate)  was  0.0854  gram  per  minute  for  0.725  kilogram 
adsorbent  at  77K»  For  one  man,  0.785  gram  per  minute  are  required,  and 
the  adsorbent  weight  requirement  would  be  6.7  kilograms. 

Because  the  rate  of  oxygen  transport  was  limited 
by  the  flow  conductance  of  the  apparatus  tubing  and  the  valves,  and 
quantitative  values  obtained  in  these  tests  can  not  be  considered 
optimum.  This  factor  dictated  that  tests  should  be  conducted  to  spec¬ 
ifically  obtain  quantitative  data  on  the  adsorption  capabilities  of 
or/gen  on  the  molecular  sieve.  This  type  of  data  would  be  useful  in 
developing  the  practicality  of  the  cryosorption  method  of  oxygen  trans¬ 
port.  The  next  section  describes  the  tests  to  obtain  this  data  and  the 
results  of  the  tests. 

Cryosorption  Pump  Adsorption  Laboratory  Tests 

The  major  factor  determining  the  efficiency  of  the  cryo- 
sorpcion  pump,  oxygen  transport  system  i3  the  effectiveness  of  the  adsor¬ 
bent.  The  previous  tests  provided  preliminary  data,  but  due  to  system 
limitations,  the  quantitative  adsorption  capabilities  of  the  adsorbents 
could  not  be  obtained.  The  tests  described  below  were  directed  to  obtain¬ 
ing  the  amount  of  oxygen  that  can  be  adsorbed  per  unit  weight  of  molecular 
sieve  at  a  given  tempers ture. 

Test  Apparatus 

The  test  apparatus  for  these  experiments  used  the  cryo¬ 
sorption  pumps  from  the  previous  test  (see  figure  b).  The  oxygen  col¬ 
lection  and  measurement  apparatus  Bhown  in  figure  6  was  used  for  the 
liquid  oxygen  supply  and  for  measuring  the  quantity  of  oxygen  adsorbed 
on  the  cryosorption  pumps.  The  level  of  liquid  oxygen  in  the  precision 
bore  tubes  of  the  oxygen  supply  system  was  determined  by  using  a  catbeto- 
meter.  A  schematic  of  the  test  arrangement  is  shown  in  figure  9. 

Teat  Operations 

Prior  to  each  test,  the  molecular  sieve  was  activated 
by  heating  to  477K  for  aix  hours  while  purging  with  dry  nitrogen  and 
then  vacuum  pumping  for  one  hour  at  a  pressure  of  10  ^  torr. 


The  adsorption  tests  were  conducted  with  the  molecular 
sieves  at  two  temperature  levels.  A  temperature  of  195K  was  obtained  by 
submerging  the  cryosorption  pump  in  a  CO?-trichloroethylene  bath,  and  a 

temperature  of  77K  was  obtained  by  submerging  the  pump  in  a  liquid  nitro¬ 
gen  bach.  Throe  molecular  sieves,  designated  5X,  10X,  and  13X,  were 
tested.  These  were  standard  molecular  sieves  as  furnished  by  Linde  and 
have  20  percent  inert  material  as  binder. 

These  tests  were  conducted  in  the  following  manner: 

a.  The  cryosorption  pump  was  submerged  in  the  coolant 
and  the  pump  cooled  to  the  test  temperature  level. 

b.  The  glass  Dewar  flasks  surrounding  the  oxygen 
supply  tubes  were  filled  with  liquid  nitrogen. 

c.  Gaseous  bottled  oxygen  was  put  into  the  oxygen 
supply  tubes  and  condensed  by  the  liquid  nitrogen. 

d.  After  the  level  of  liquid  oxygen  was  measured,  the 
valve  between  the  oxygen  supply  tube  and  the  cryosorption  pump  was  opened. 

e.  The  pressure  in  the  pump  was  measured  with  a  pre¬ 
cision  McLeod  gage,  and  the  liquid  oxygen  level  was  measured  with  a  cathe- 
tometer  at  intervals  during  adsorption  until  equilibrium  was  achieved. 

The  initial  tests  indicated  that  this  procedure  was 
suitable  for  obtaining  the  data  necessary  to  generate  the  desired  per¬ 
formance.  Each  of  the  molecular  sieves,  type  5X  (calcium  alumina-sili¬ 
cate),  type  10X  (crystalline  alumina-silicate),  and  type  13X  (sodium 
alumina-silicate) ,  was  evaluated  at  temperatures  of  1 95K  and  77K.  No 
problems  occurred  during  the  test  operations. 

Test  Results 


The  results  of  the  tests  are  presented  in  figure  10. 

The  first  important  feature  noted  on  the  curves  is  the  large  difference 
in  the  quantity  of  oxygen  adsorbed  at  the  two  temperature  levels.  This 
points  out  the  importance  of  operating  the  cryosorption  pumps  at  the 
lowest  possible  temperature  level  during  the  adsorption  phase  of  operation. 

The  curves  in  figure  10  show  a  significant  difference 
in  performance  of  the  three  molecular  sieves.  The  10X  type  adsorbed 
approximately  10  percent  more  oxygen  than  the  13X  type  and  about  25  per¬ 
cent  mere  than  the  3X  type  for  a  given  pressure  level  at  77K.  The  13X 
molecular  sieve  performed  very  poorly  at  195K  compared  to  the  other  two 
types.  The  quantity  of  oxygen  adsorbed  by  the  13X  sieve  was  almost  neg¬ 
ligible,  although  the  10X  and  5X  sieves  only  adsorbed  about  1  gram  of 
oxygen  per  100  grams  of  adsorbent  for  these  sieves  at  77K. 
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Figure  10.  Adsorption  Isotherm,  0^,  on  Molecular  Sieve  at  77K  and  195K 
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The  data  shown  in  figure  10  indicates  that  of  the 
three  types  tested  the  10X  molecular  sieve  is  best  suited  for  oxygen 
adsorption.  The  isotherms  in  figure  10  include  the  adsorption  capa¬ 
bility  of  the  10X  sieve  which  should  be  used  in  the  system  study. 

Figure  11  is  a  plot  of  the  oxygen  adsorption  rate  for  the  10X  molecular 
sieve  at  77K  as  determined  from  the  test  data.  The  information  on  the 
1CX  molecular  sieve  in  figures  10  and  11  can  be  used  for  preliminary 
performance  evaluation  of  the  cryosorption-pump,  oxygen  transport  system. 

Evaluation  and  Application  of  Results 

The  results  obtained  in  these  tests  are  suitable  for  pre¬ 
liminary  evaluation  of  the  performance  of  the  cryosorption  pump.  The 
evaluation  is  limited  to  an  operating  temperature  level  for  adsorption 
of  77K  since  only  77K  and  1 95K  temperature  levels  were  evaluated  in  the 
tests,  and  the  latter  temperature  level  showed  insignificant  adsorption. 

The  information  on  the  cryosorption  pump  performance  that 
would  be  required  for  the  oxygen  transport  system  study  includes  the 
size  of  pump  necessary  for  transporting  a  given  amount  of  oxygen  from 
the  subliming  condition  to  a  breathable  state.  In  addition,  the  rates 
of  adsorption,  deadsorption,  and  cool-down  of  the  pump  are  necessary  to 
establish  practical  cycling  conditions  and  to  determine  the  number  of 
cryosorption  pumps  required. 

Using  the  data  from  figures  10  and  11  for  the  10X  molecular 
sieve,  the  adsorption  time  required  for  various  adsorbent  weights  can  be 
developed  for  a  given  oxygen  transport  rate.  A  cyclic  process  is  nec¬ 
essary  for  the  cryosorption-pump  transport  method  to  maintain  a  constant 
oxygen  supply  rate.  One  pump  is  deadsorbing  oxygen  to  the  crew  compart¬ 
ment  while  the  other  pump  is  adsorbing  the  oxygen  that  is  subliming  from 
the  solid.  The  pumps  are  then  switched  over  to  the  opposite  process 
when  the  adsorbing  pump  is  loaded  with  oxygen.  Given  an  oxygen  supply 
rate  requirement  of  2.26  kilograms  par  day,  the  cycle  time  and  adsorbent 
weight  requirenents  are  shown  in  figure  12-  This  curve  indicates  that  a 
minimum  adsorbent  weight  exists  for  a  cycle  time  of  6  hours.  Operation 
with  cycle  times  of  less  than  6  hours  will  result  in  less  than  optimum 
capacity  of  oxygen  adsorbed  on  the  molecular  sieve  (figure  11 ).  With  a 
cycle  time  greater  than  6  hours,  the  rate  of  oxygen  adsorption  beyond 
the  6  hour  period  falls  off  as  shown  by  figure  1 1 ,  so  that  operation  in 
this  region  becomes  less  efficient.  It  should  be  pointed  out  that  the 
data  in  figure  1 1  was  developed  from  one  test  and  must  be  considered 
preliminary.  The  weight  of  the  molecular  sieve  for  one  cryosorption 
pump  is  shown  in  figure  13  for  various  cycle  times  as  a  function  of 
oxygen  flow  rate. 

The  other  information  required  to  evaluate  the  performance 
of  the  adsorbent  transport  system  i3  the  deadsorption  rate  of  the 
molecular  sieve  and  the  cool-down  rate  of  the  cryosorption  pump  after 
it  has  been  deadsorbed  of  oxygen  r*nd  prior  to  the  next  adsorption  cycle. 
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Figure  11.  Adsorption  Rate  of  10J  Sieve  at  77K  and  1l)5K 
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ADSORBENT  REQUIRED  IN  EACH  OF  TWO 
CRYOPUMPS  TO  SUPPLY  2.26  KG  OXYGEN 
PER  DAY 

(MOLECULAR  SIEVE  10X  AT  77  K) 


Figure  12.  Adsorbent  Weight  as  a  Function  of  Cycle  Time 
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The  deadsorption  of  oxygen  from  the  molecular  sieve  should  be  rapid  at 
room  temperature  since  figure  10  indicates  that  the  adsorbed  amount  of 
oxygen  in  equilibrium  with  the  10X  molecular  sieve  at  195K  is  almost 
negligible.  The  cool-down  rate  of  the  cryosorption  pump  used  in  the 
test  was  approximately  determined  from  visual  observations  of  the  liquid 
nitrogen  bubbling  when  the  pump  was  immersed  in  liquid  nitrogen  for  cool¬ 
ing.  The  liquid  nitrogen  bubbling  essentially  stopped  after  30  minutes 
of  immersion.  A  transient  analysis  for  this  annular  sieve  container  ^ 
gives  a  value  of  45  minutes  using  a  thermal  diffusivity  value  of  9.29cm  /hr, 
and  assuming  that  the  thermal  resistance  between  the  pump  and  the  coolant 
i3  negligible.  Since  this  is  reasonably  close  for  approximate  analysis, 
the  cool-down  rates  for  cylindrical  cryosorption  pumps  of  different  sizes 
were  calculated  using  these  assumptions,  and  the  results  are  shown  in 
figure  14.  The  molecular  sieve  requires  long  cool-down  times,  6  hours 
for  a  0.5  kilogram  cryosorption  pump  for  example,  and  therefore,  a  three- 
pump  system  would  be  necessary  for  oxygen  transport.  One  cryosorption 
pump  is  being  cooled  down,  one  pump  is  adsorbing  oxygen,  and  one  pump 
is  deadsorbing  oxygen.  Therefore,  to  obtain  the  basic  molecular  sieve 
weignt  of  the  cryosorption-pump,  oxygen  transport  system,  it  is  necessary 
to  multiply  the  weight  in  figure  13  by  three  for  the  three  cryosorption 
pumps. 


The  cool-down  rate  can  be  improved  by  filling  the  molecular 
sieve  with  a  material  having  high  thermal  conductivities,  such  as, 
aluminum  or  copper  wire  mesh,  or  else  strip  finds  could  be  used  to 
rapidly  conduct  the  heat  out  of  the  adsorbent.  These  de/ices  will 
add  tc  the  weight  and  the  complexity  of  the  structure.  Further  study 
of  these  methods  would  be  required  to  establish  the  best  method  to  U3e 
and  the  penalty  associated  with  the  modification. 

The  system  analysis  conducted  in  the  analytical  study  assumes 
that  the  adsorption  rate  of  oxygen  on  the  molecular  3ieve  dictates  the 
cycle  time  and  that  a  three-pump  system  is  required.  These  are  reason¬ 
able  assumptions  for  a  preliminary  evaluation  of  the  system,  and  further 
experimental  and  analytical  study  would  be  required  on  the  deadsorption 
and  cool-down  pha-es  for  a  complete  system  design  study. 

OXYGEN  TRANSPORT  BY  MECHANICAL  MANIPULATION 

Laboratory  Tests 

The  basic  goal  of  this  experiment  was  to  demonstrate  the 
feasibility  of  transporting  solid  oxygen  by  mechanical  means  from  a 
vacuum  storage  space  to  a  pressurized  area  via  an  air  lock.  In  this 
latter  condition,  it  would  be  available  as  breathing  oxygen  for  crew 
use  in  a  manned  space  vehicle  and  for  extru-vehicular  activity. 


WEIGHT  OF  MOLECULAR  SIEVE  ADSORBENT  PER  PUMP  KILOGRAMS 
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Figure  1.5.  Adsorbent  Weight  Required  an  a  Function  of  Oxygen  Flow  Rate 
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Preliminary  Experiment 


While  the  basic  test  apparatus  for  conducting  these 
tests  was  being  fabricated,  a  preliminary  experiment  was  conducted  with 
glass  vessels  (figure  15)  to  develop  the  method  of  preparing  the  solid 
oxygen  and  to  visually  observe  some  operations  of  moving  the  solid 
oxygen.  Figures  16  and  17  show  the  solid  oxygen  formed  in  this  system. 
The  oxygen  was  condensed  and  cooled  inside  the  inner  vessel  by  the 
liquid  nitrogen  surrounding  it.  The  atmosphere  over  the  liquid  oxygen 
was  connected  to  a  cryosorption  pump  which  was  cooled  to  77K.  The 
pressure  over  the  oxygen  was  reduced  to  the  point  where  the  oxygen 
solidified  ( 1 . 1 4  torr). 

Since  oxygen  is  paramagnetic,  an  attempt  was  made  to 
pick  up  the  solid  oxygen  with  a  magnet.  As  shown  in  figure  17,  the 
solid  oxygen  was  picked  up  by  the  magnet,  but  it  is  suspected  that  a 
major  influence  was  played  by  the  oxygen  freezing  on  the  magnet  since 
the  magnet  was  initially  warm.  The  warm  magnet  melted  a  small  amount 
of  solid  oxygen  in  contact  with  it,  and  then,  after  the  magnet  became 
cold,  this  liquid,  oxygen  solidified  on  the  magnet's  surface. 

The  initial  test  apparatus  was  designed  to  solidify 
the  oxygen  by  having  the  cavity  of  liquid  oxygen  in  contact  with  solid 
nitrogen.  When  the  pressure  over  the  solid  nitrogen  is  reduced  below 
1.14  torr,  the  temperature  of  the  nitrogen  is  below  54-26K,  sufficient 
to  solidi  v  the  oxygen.  Solid  oxygen  was  formed  under  these  conditions 
for  the  experiments  after  several  modifications  were  made  to  the  test 
apparatus  to  achieve  the  required  temperature  and  pressure  conditions 
in  the  oxygen.  Initial  tests  with  the  system  indicated  a  radiation 
heat  leak  to  the  oxygen  and  a  loss  of  good  thermal  contact  between  the 
oxygen  and  the  solid  nitrogen  when  the  nitrogen  solidified.  It  was 
also  found  that  because  of  the  large  mass  of  solid  nitrogen  in  the 
system  (figures  18  and  19a)  and  the  limited  pumping  capacity  of  the 
vacuum  pump,  it  was  difficult  to  reduce  the  vapor  pressure  over  the 
oxygen  to  the  point  where  the  oxygen  would  solidify  ( 1 . 1 4  torr). 

To  resolve  these  problems,  modifications  were  made 
to  the  system  to  reduce  the  mass  of  solid  nitrogen  used  for  cooling  the 
oxygen  (figure  19).  The  goal  was  to  get  the  vapor  pressure  over  the 
oxygen  to  below  1.14  torr  while  keeping  its  temperature  below  54K.  The 
first  modification  used  a  Fiberglas  plate  (figure  19b)  on  which  a  copper 
strip  was  mounted.  Copper  oxygen  buckets  and  n  container  for  Nn  were 

located  on  this  strip.  Cooling  of  the  oxygen  buckets  was  accomplished 
by  the  solid  nitrogen  through  the  copper  strip.  This  scheme  made  it 
possible  to  obtain  a  low  vapor  pressure,  approximately  1  torr,  over 
the  oxygen,  but  the  radiation  heat  transfer  to  the  large  copper  strip 
surface  was  too  great  to  lower  the  oxygen  temperature  much  below  the 
54K  required.  A  small  amount  of  soli  I  oxygen  was  formed  but  consis¬ 
tent  formation  of  solid  oxygen  could  not  be  accomplished. 


15  Preliminary  Apparatus  for  Preparing  Solid  Oxygan 
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Only  small  amount  of 
solid  formed.  Heat  leak 
too  great. 


Improvement  but  heat 
leak  caused  oxygen  to  melt 
quickly  as  solid  nitrogen 
sublimed  away  from  copper 
tube. 


All  of  the  oxygen  in  the 
glass  tube  could  be 
frozen. 


Figure  '  \  Modifications  to  T est  Apparatus 


The  oxygen  bucket  was  then  moved  into  closer  contact 
with  the  solid  nitrogen  as  shown  in  figure  19c.  Solid  oxygen  could  be 
readily  formed  with  this  arrangement,  but  the  quantity  was  relatively 
3mall  and  problems  arose  in  removing  the  oxygen  from  th9  copper  bucket. 
Small  wire  forms  inserted  in  the  solid  oxygen  aided  in  lifting  the 
solid  oxygen. 


The  configuration  which  was  found  most  suitable  is  that 
shown  in  figure  19d,  in  which  a  glass  oxygen  bucket  was  used.  A  mixture 
of  molecular  sieve  and  lead  shot  was  added  to  the  liquid  nitrogen  to 
improve  its  operation  by  helping  to  maintain  good  thermal  contact  with 
the  oxygen  bucket.  This  system  worked  satisfactorily  and  solid  oxygen 
could  be  readily  formed  in  the  glass  bucket  for  transport  studies.  The 
complete  final  test  system  is  shown  in  figures  20,  21 ,  and  22. 

Tent  Operations 

Several  methods  of  mechanically  moving  the  solid  oxygen 
were  attempted  with  this  equipment.  These  involved  picking  up  the  solid 
oxygen  with  a  magnet  and  with  hooks. 

The  use  of  a  magnet  for  moving  the  solid  oxygen  has 
merit  in  that  on-and-off  control  can  be  obtained  if  the  magnet  is  an 
electromagnet.  The  initial  attempts  to  lift  solid  oxygen  using  its 
paramagnetic  properties,  discussed  previously  in  the  preliminary  study 
section,  were  inconclusive.  Further  tests  were  tried  using  the  new 
apparatus  but  with  the  same  results.  The  solid  oxygen  eould  be  lifted 
with  a  magnet,  but  the  ability  to  do  so  was  so  marginal  that  freezing 
of  the  oxygen  on  the  magnet  probably  was  the  primary  mode  of  adhesion. 
However,  lifting  the  solid  oxygen  by  using  its  paramagnetic  properties 
is  not  ruled  out  by  these  preliminary  experiments.  The  experiments  did 
show  that  the  problem  is  complex.  Stronger  magnets  and  better  contact 
of  the  surfaces  between  the  oxygen  and  the  magnet  may  be  required. 

The  solid  oxygen  could  be  lifted  with  a  magnet 
indirectly  by  placing  a  small  steel -wire  coil  in  the  oxygen  prior  to 
its  freezing;  the  solid  oxygen  was  easily  lifted  with  the  magnet  in  a 
similar  manner  so  that  proposed  for  the  paramagnetic  oxygen  method. 

The  solid  oxygen  was  also  lifted  as  shown  in  figure 
19c  by  using  a  fishhook  in  conjunction  with  a  looped  wire  in  the  solid 
oxygen.  This  method  posed  no  problem  manually  but  might  be  difficult 
to  set  up  for  automatic  operation. 

The  final  method  tried  was  to  use  a  wire  hook  arrange¬ 
ment  submerged  in  the  oxygen  during  the  solidification  phase.  The  full 
amound  of  solid  oxygen  formed  in  the  vessel  could  be  readily  lifted  out 
of  the  glass  tube  by  this  method.  Solid  oxygen  was  lifted  through  an 
air  lock  val'.e  by  this  method,  as  shown  in  figure  25.  When  the  air  lock 


3^ 


Absolute 

Pressure  Compound 


Figure  21.  Internal  Arrangement  of  Solid  Oxygen 
Mechanical  Transport  Test  System 
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valve  is  closed,  the  oxygen  melts,  evaporates,  and  is  ready  for  breathing 
under  the  pressure  conditions  existing  in  the  area  above  the  air  lock 
valve. 


Discussion  of  Test  Results 

Various  methods  of  preparing  and  mechanically  trans¬ 
porting  solid  oxygen  were  studied.  For  economy,  the  preparation  of  solid 
oxygen  was  restricted  to  using  solid  nitrogen  as  a  coolant,  although  the 
use  of  liquid  helium  or  neon  would  be  much  more  suitable  in  a  practical 
system.  Mechanical  methods  could  readily  move  the  solid  oxygen  by  using 
a  wire-hook  lifting  device  with  or  without  a  wire  coil  in  the  solid 
oxygen.  The  solid  oxygen  could  be  lifted  with  a  magnet  if  a  steel  wire 
coil  was  located  in  the  solid  oxygen.  Direct  lifting  of  solid  oxygen 
using  the  paramagnetic  characteristics  of  solid  oxygen  was  not  con¬ 
clusively  demonstrated,  and  further  study  would  be  required  in  this  area. 

The  practical  application  of  these  methods  or  similar  methods  of  mechan¬ 
ically  moving  solid  oxygen,  must  consider  the  overall  requirements  of 
the  oxygen  supply  system- 

Evaluation  and  Application  of  Results 

The  experiments  demonstrated  .hat  solid  oxygen  can  be  trans¬ 
ported  from  a  vacuum  storage  space  to  a  chamber  where  it  can  be  converted 
into  a  breathable  condition.  The  solid  ox^ge^  mass  was  moved  through  an 
air-lock  valve  and  then  isolated  from  the  vacuum  storage  volume.  This 
method  of  oxygen  transport  appears  completely  realistic,  and  the  application 
of  the  method  should  entail  no  major  problems. 

In  the  experimental  test,  the  solid  oxygen  was  moved  through 
the  air-lock  valve  by  manually  lifting  the  oxygen  solidified  around  a 
wire  hook.  An  electromagnet  can  be  used  to  transport  the  oxygen  mechan¬ 
ically  if  a  wire  coil  is  frozen  into  the  oxygen  when  it  is  prepared.  For 
automatic  operation  with  multiple  transfers,  the  basic  method  tested 
would  be  modified  depending  on  the  specific  application  requirements. 

For  example,  ice-cube  trays  of  solid  oxygen  cubes  could  be  prepared  with 
wire  coils  frozen  into  each  cube.  An  electromagnet  pickup  could  then 
attach  itself  to  a  cube  when  turned  on,  and  the  oxygen  cube  moved  through 
the  air-lock  valve.  After  the  solid  oxygen  cube  is  in  place,  the  electro¬ 
magnet  is  turned  off  releasing  the  cuoe  and  the  cycle  repeated  as  re¬ 
quired.  The  actual  method  selected  for  a  given  application  would  be  the 
result  of  a  study  for  the  specific  requirements  of  the  application 

DISCUSSION  OF  EXPERIMENTAL  RESULTS 

The  experimental  work  has  demonstrated  the  feasibility  of  trans¬ 
porting  oxygen  from  the  solid  state  to  a  condition  suitable  for  breathing 
by  two  methods,  the  cryosorption  pump  method  and  the  mechanical  transport 
method.  Data  was  also  obtained  on  the  adsorption  of  oxygen  on  molecular 
sieves  for  use  in  determining  the  size  of  cryosorption  pumps  required  for 
a  practical  system. 


The  transport  of  oxygen  involved  no  major  problems.  The  greatest 
difficulty  in  the  experimental  work  was  encountered  in  preparing  the 
solid  oxygen  using  solid  nitrogen  as  the  coolant.  This  problem  would 
not  exist  in  any  practical  system  since  the  oxygen  could  be  solidified 
with  liquid  helium  or  neon. 

The  practicality  of  these  two  methods  for  oxygen  transport  in  any 
given  system  will  have  to  be  developed.  The  major  factor  determining 
the  practicality  of  the  adsorbent  transport  system  for  any  given  appli¬ 
cation  will  be  the  size  and  weight  of  the  system.  In  addition,  the 
modification  of  the  basic  system  to  achieve  fast  cool-down  rates  will 
further  increase  its  weight  and  size.  The  major  factor  determining 
the  practicality  of  the  mechanical  transport  method  will  be  the  capa¬ 
bility  to  develop  a  mechanical  system  which  can  operate  reliably  and 
which  can  orovide  oxygen  at  a  rate  to  meet  the  demand  requirements. 

The  mechanical  oxygen  transfer  system  has  the  advantage  of  being 
more  versatile  as  well  as  being  potentially  simpler.  Since  the  oxygen 
is  transferred  a3  a  solid,  the  volume  being  handled  in  the  transfer  is 
small  and  small  transfer  passages  can  be  designed  into  the  system.  The 
adsorbent  transfer  method,  on  the  other  hand,  requires  laije  flow  areas 
because  of  the  low  gas  pressure,  and  a  practical  system  design  using 
the  adsorbent  method  could  be  a  problem  for  many  requirements.  The 
solid  transfer  system  could  be  used  for  space  cabin  oxygen,  for  sup¬ 
plying  oxygen  for  extra- vehicular  activity,  and  for  quick  oxygen  sup¬ 
ply  from  a  long-term  storage  container  in  an  emergency. 

The  mechanical  transfer  system  is  therefore  considered  to  be  the 
most  promising  of  the  two  transfer  methods  examined.  The  design  and 
operation  of  a  breadboard  test  system  involving  this  concept  would  be 
the  next  step  in  the  experimental  evaluation  of  oxygen  transport  from 
the  storage  state  to  a  breathable  state. 
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ECTION  IV 


ANALYTICAL  STUDY 


OBJECTIVE 

The  objective  of  the  analytical  portion  of  the  study  was  to  perform 
a  parametric  analysis  of  the  storage  of  oxygen  for  breathing  purposes  in 
space.  Oxygen  stored  as  solid,  subcritical  liquid,  and  supercritical 
fluid  was  studied  for  comparing  various  storage  performance  parameters. 

By  starting  with  solidified  oxygen,  instead  of  the  saturated  liquid 
for  either  the  subcritical  or  supercritical  storage  systems,  advantage 
can  be  taken  of  the  sensible  heat  capacity,  heat  of  fusion,  and  increased 
density  of  the  solid  to  increase  its  storage  life.  This  can  be  done  for 
the  subcritical  storage  system  by  launching  it  as  a  solid  and  then  allow¬ 
ing  it  to  liquefy  after  launch.  Similarly  to  increase  the  storage  life 
of  oxygen  in  a  supercritical  system,  the  storage  Dewar  would  be  initially 
filled  with  solid  oxygen  which  would  first  be  allowed  to  liquefy  after 
which  it  would  be  allowed  to  change  to  the  supercritical  state. 

In  lieu  of  transforming  the  oxygen,  it  can  be  maintained  by  sub¬ 
liming  it  to  space  in  the  so^id  state,  from  which  condition  it  is  trans¬ 
ported  to  a  breathable  condition.  A  confbina  tion  of  the  two  methods 
investigated  in  the  experimental  study  (transport  by  adsorbents  and  by 
mechanical  manipulation)  could  be  used  to  achieve  maximum  usage  of  the 
solidified  oxygen.  An  example  fould  be  the  case  in  which  a  portion  of 
the  solid  oxygen  is  sublimed  to  space  prior  to  liquefaction.  Instead 
of  wasting  that  part  of  the  oxygan  which  would  be  lost  to  space,  it 
could  be  sublimed  to  adsorbents  -,hat  would  be  used  to  raise  its  pressure 
to  a  breathable  level. 

Appendices  I  through  V  fornulute  the  weights,  heat  transfer,  usage 
rates,  and  mission  length  in  terms  if  the  storage  container  geometry, 
number  of  men,  space  cabin  leakage,  support  loading,  and  the  oxygen 
phase  being  stored.  The  formulations  were  programmed  for  the  IBM  360 
digital  computer  and  parametric  data  were  developed  for  the  following 
range  of  input  parameters: 

•  Number  of  men  are  1  to  1-  ,  each  using  1.15  kilogram/ day 

•  Space  cabin  leakage  is  0  t.o  1  kilograms  o*'  oxygen  per  day 
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•  Extra-vehicular  activities  consider  an  airlock  of  1.5  cubic 
meters  opened  once  per  day  for  0  to  100^  of  the  mission  days. 

A  cabin  oxygen  partial  or  total  pressure  of  150  to  250  torr 
will  be  considered. 

•  Dynamic  load  placed  upon  titanium  supports  in  storage  Dewar, 
during  launch  phase,  varied  from  10  G  in  one  direction  and 

50  G  in  three  directions.  Titanium  supports  were  loaded  with 
safety  factor  of  1.67  of  the  yield  strength. 

•  Oxygen  container  radius  of  5  to  125  centimeters. 

•  Insulation  thickness  of  0.5  to  10  centimeters  for  the 
flexible  multilayer  insulation. 

•  Number  of  shields  from  0  to  5  for  the  rigid  radiation  shield 
insulation. 

BACKGROUND  TECHNICAL  DATA 

Several  important  physical  and  thermodynamic  properties  of  oxygen 
must  be  determined  to  conduct  the  solid  oxygen  storage  analytical  study. 

The  required  properties  are  the  density  of  the  various  oxygen  states, 
heat  of  sublimation  of  the  solid,  heat  of  vaporization  of  liquid,  and 
the  specific  internal  energy  of  the  various  states. 

Stewart  ( 1966 )  describes  the  thermodynamic  properties  of  liquid 
and  gaseous  oxygen  for  the  temperature  range  of  65  K  to  298  K  and  for  a 
pressure  range  of  0.02  to  340  atmospheres.  Density,  enthalpy,  and  inter¬ 
nal  energy  data  are  also  presented  and  heat  of  vaporization  of  the  liquid 
phase  can  be  calculated  by  the  difference  in  enthalpy  of  the  gas  and 
liquid  at  saturated  conditions. 

The  density  of  various  solid  oxygen  phases  is  reported  by  Mullins, 
et  al,  (l965)  and  is  reproduced  in  table  II  of  this  report.  Solid  phase 

I  (43.8  K  to  the  triple  point./  has  a  dens' ty  of  1.300  gm/cc,  solid  phase 

II  (23.8  to  43*8  K)  has  a  density  of  1.397  gm/cc,  and  solid  phase  III 

(0  to  '*3.8  K)  has  a  den3itv  of  1.461  gm/cc.  There  is  a  7.5‘/  increase  in 
density  from  phase  I  to  II  and  a  12.4*  increase  in  density  from  phase  II 
to  III  for  the  solid.  From  Stewart  (1966),  the  density  of  liquid  oxygen 
at  the  norm  d  boiling  point  (90.18  K)  is  1.1407  gm/cc.  Thus  in  cooling 
a  fixed  man’  of  liquid  oxygen  to  a  solid  at  the  triple  point,  the  mass 
increases  i:  1  density  by  13.9^.  Cooling  the  liquid  to  a  solid  at  70  K 
""suits  in  nn  increase  in  density  of  .V.dK,  ar.d  cooling  to  a  solid  at  .’0  K, 
an  increase  of  >■*.  1A-  is  realized. 


Heat  <  f  sublimation  of  solid  oxygen  ar.d  heat,  of  vaporisation  of  iiqui 
oxygen  for  t  temperature  range  of  70  to  100  K  were  taker,  from  the  work  of 
Mullins,  et  ul,  ildef',  and  compared  with  similar  data  initially  calculated 
for  thi;  stvdy  f ru  the  data  given  by  steward  (1966)  at  the  lowest  tempera¬ 
ture,  65  K,  and  heat  capacity  data  presented  by  Scott  (1959)  ar.d  reproduced 
in  table  III  of  this  report.  The  two  sets  of  data  agree  within  which 

is  within  the  presented  accuracies  of  experimental  data  used  in  the  work  of 
Mullins,  et  .1  (1966). 


TABLE  II 


MOLAL  VOLUMES  AND  DENSITIES  OF  SOLID  OXYGEN 


Temperature  range 

K 

Molal  volume 
ce/ «m-mol 

Density 

<m/co 

Phase 

0  to  5 

21.9 

1.4612 

CX  or  III 

5  to  8 

21.9 

1.4612 

a  or  HI 

8  to  23.781 

21.9 

1.4612 

CC  or  III 

23.781  to  43.77? 

22.9 

1.3974 

P  or  II 

43.772  to  54.332 

24.6? 

1.2998 

/  or  I 

Data  from:  U.  E.  Gross  et  al  (i960,  pp.  126  -  134) 
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TABLE  III 


HEATS  OP  SUBLIMATION  AND  VAPORIZATION  FOR  OXYGEN 


Latent 

heat^ 

Lal;pnt  heat 

Temperature 

K 

Cal/ *-mol 

w-sec 

A/ ft  =  ft 

A/ ft 

100 

1551.02 

202.76 

202.4  (b) 

90.18(N.B.P.) 

213.3  (b) 

90 

1631.25 

213.25 

213.5  (b) 

80 

1700.77 

222.33 

223.0  (b) 

70 

1763.44 

230.53 

230.8  (b) 

60 

1822.50 

238.25 

54.352(a) 

1855.20 

242.52 

241.50  (b) 

54.352(a) 

1961.50 

256.4 

255.50  (b) 

52 

1971.19 

257.67 

46 

1995.58 

260.87 

43.772(a) 

2004.70 

262.06 

261.21  (c) 

43.772(a) 

2182.30 

285.28 

284.43 

40 

2196.12 

28  ?.09 

34 

2207.94 

288.53 

30 

2209.26 

288.80 

28 

2206.22 

288.67 

23.781(a) 

2202.56 

287.93 

287.15  (c) 

23.781 (a) 

2224.98 

290.86 

790.08  (c) 

20 

2214.50 

789.49 

(a)  Groaa  •£  al  (1964,  pp  126-134) 

(b)  Stewart  (1966) 

(c)  Calculated  from  data  in  Scott  ( 1959)  and  (b) 
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The  latent  heat  of  sublimation  and  vaporization  are  plotted  in 
figure  24  as  a  function  of  temperature.  Liquid  data  is  from  Stewart 
( 1 966)  and  solid  data  is  from  Mullins,  et  al  ( 1 965)  along  with  the 
calculated  data  for  this  study.  The  heat  of  sublimation  reaches  a 
maximum  at  22.78K  (Solid  III)  and  decreases  on  further  coolirg.  For 
the  Solid  II  phase  there  is  a  maximum  at  approximately  30K,  and  cooling 
the  solid  below  43»77£  (Solid  II)  results  in  only  a  small  increase  (2$ 
maximum).  However,  the  heat  capacity  (figure  3)  from  a  low  temperature, 
say  12K,to  43*77K  is  20$  of  the  total  heat  capacity  from  a  solid  at  12K 
to  a  liquid  at  the  normal  boiling  point  (90.18K). 

STORAGE  SYSTEM  DESIGN  FOR  THE  ANALYTICAL  STUDY 

A  relatively  simple  Dewar  configuration  was  selected  for  the  analyt¬ 
ical  study.  A  cut-away  view  of  the  oxygen  storage  container  is  presented 
in  figure  25.  The  basic  components  of  the  storage  container  considered 
in  this  study  are: 

.  Inner  container  (spherical) 

.  Insulation  (two  vacuum  types;  multilayer  and  radiation  shields) 

.  Outer  container  (vacuum  jacket) 

.  Wire  supports 

-7 

With  the  vacuum  region  at  approximately  10  torr  or  lower,  the  outer 
container  must  support  an  external  collapsing  pressure,  and  the  inner 
container  will  always  support  a  net  positive  internal  pressure  except 
when  the  solid  oxygen  is  stored  below  a  temperature  of  30K„  However, 
both  liquid  and  solid  oxygen  containers  must  be  strong  enough  to  withstand 
an  internal  pressure  of  one  atmosphere.  For  this  study,  the  inner  con¬ 
tainer  for  the  supercritical  storage  must  be  able  to  withstand  a  w*imum 
pressure  of  55  atmospheres. 

The  two  insulations  selected  for  this  study  are  of  the  high-per¬ 
formance  type  and  require  a  high  vacuum  to  fully  develop  their  lot 
heat- transfer  properties.  The  flexible  multilayer  insulation  consists 
of  alternate  layers  of  thin,  aluminized  mylar  and  a  thin  spacer  material. 
The  aluminized  mylar  can  be  coated  on  one  or  both  side,  making  it  a 
highly  reflecting  radiation  shield.  A  shield  configuration  of  80  layers^ 
(mylar  and  spacer)  per  inch  with  a  density  of  approximately  0.0933  gw  cm 
was  used  for  this  study.  The  thermal  performance  of  this  insulation  is 
presented  in  Appendix  I. 

The  second  insulation  selected  for  this  study  consists  of  rigid 
multiple  radiation  shields,  coated  with  a  highly  reflective  metallic 
material  such  as  silver,  aluaunum,  or  gold  on  the  shield  base  surface. 

The  base  surface  can  be  metal  sheets  such  as  aluminum  or  magnesium  or 
they  can  be  formed  sheets  of  impregnated  Fiberglaa.  Vacuum-deposited 
gold  (room  temperature  emissivity  of  0.02)  on  both  sides  of  0.5  milli- 
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LATENT  HEAT  OF  VAPORIZATION  OR  SUBLIMATION,  JOULE/GRAM  OR  WATT-SECONDS/GRAM 


TEMPERATURE,  *K 

Figure  24.  Latest  H.w'  of  Vaporiaation  and  Sublimation  of 
Oxygen  as  a  Function  of  Temperature 
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mater  thick  aluminum  shields  was  used  for  this  study.  The  number  of 
shields  is  a  variable  in  the  study  and  the  shields  are  separated  by  a 
spacing  of  0.5  centimeters.  The  container  surfaces  facing  the  shields 
were  also  considered  to  have  a  similar  gold  coating  to  further  increase 
the  insulation  performance. 

The  supports  for  the  inner  container  were  selected  for  a  combination 
of  low  heat  conduction  and  high  strength  to  withstand  the  effects  of  acceler¬ 
ation  and  shock  loading  during  launch.  Loadings  on  the  oxygen  (inner)  con¬ 
tainer  of  from  10  G  in  one  direction  to  50  G  in  three  directions  were 
considered.  The  latter  condition  will  give  am  86.69  G-load  on  any  single 
support  wire  that  was  the  basis  of  the  design  analysis,  Thess  values 
are  representative  of  what  can  be  experienced  by  the  inner  container  and 
include  any  amplification  by  the  supports  and  container  (loaded)  acting 
as  a  "spring  mass"  system.  Of  course,  with  the  greater  G-loading, 
supports  with  larger  cross-sectional  area  will  be  required  which  would 
consequently  incur  a  higher  heat  conduction  penalty. 

The  four  supports  are  radial,  high-strength,  titanium  alloy  wires 
that  extend  from  the  inner  container  through  the  outer  container  to  the 
corners  of  an  imaginary  tetrahedron  which  would  circumscribe  the  outer 
container.  Rigid  tubes  would  extend  the  vacuum  jacket  from  the  container 
to  the  end  of  the  supports  and  simultaneously  act  as  legs  for  the  whole 
container.  It  was  necessary  to  make  the  supports  long  to  reduce  the 
heat  transfer  to  che  order  of  magnitude  of  that  through  the  insulation. 
However,  for  some  missions  where  the  oxygen  usage  rate  is  high,  shorter 
supports  and  higher  heat  loads  can  be  tolerated.  When  the  oxygen  is  to 
be  stored  for  extended  periods  of  time  before  usage,  the  minimum  total 
heat  load  is  required. 

Several  items  associated  with  actual  oxygen  storage  hardware  were 
not  considered  in  this  analytical  study.  Some  of  these  items  with  the 
type  of  storage  are: 

.  Heater  (solid,  liquid  or  supercritical) 

.  Phase  separator  (liquid) 

.  Pleasure  regulator  (supercritical) 

.  Heat  exchanger  for  solidification  (solid) 

These  items  are  low  in  weight  compared  to  the  overall  storage  system,  and 
these  weights  are  essentially  the  same  for  all  systems.  Therefore,  neg¬ 
lecting  these  weights  in  the  analysis  does  not  introduce  a  significant 
error. 


STORAGE  OP  OXYGEN  WITH  NO  USAGE 


Many  potential  applications  exist  for  f ut, ire  storage  of  oxygen 
for  long  periods  of  time  without  usage.  Standby  oxygen  /stems  in 
manned  space  systems  could  provide  a  practical  means  of  extending 
oxygen  supply  as  well  as  serving  as  an  emergency  oxygen  supply  source. 

A  standby  oxygen  supply  on  the  lunar  surface  or  in  orbiting  space 
stations  would  allow  the  manned  shuttle  vehicle  or  manned  transport 
vehicle  to  carry  with  them  only  the  oxygen  necessary  for  the  flight 
phase.  The  oxygen  supply  system  for  extra-vehicular  activities  can 
possibly  be  made  more  practical  if  it  is  separated  from  the  main  oxygen 
supply  source  serving  the  cabin  atmosphere. 

The  various  methods  of  storage  of  oxygen  without  usage  have  been 
analytically  evaluated.  The  discussion  of  the  analysis  and  the  results 
of  the  analysis  are  Resented  in  this  section. 

Analytical  Procedures 

The  basic  procedure  for  analysis  of  the  extended  storage  of 
oxygen  was  to  assume  an  initial  starting  condition  of  the  oxygen  and 
then  to  determine  the  quantity  and  state  of  the  fluid  at  various  inter¬ 
vals  of  time.  The  analyses  were  made  for  liquid  oxygen,  initially  at 
the  triple  point,  and  for  solid  ixygen  at  various  initial  temperatures. 

The  heat  leak  into  the  liquid  oxygen  containers  was  handled 
in  two  ways;  in  one  case,  oxygen  was  allowed  to  vent  at  one  atmosphere 
pressure,  and  in  the  other  case,  the  pressure  was  allowed  to  rise  to 
supercritical  pressure  conditions,  55  atmospheres,  before  venting.  The 
he  it  leak  into  the  containers  with  solid  oxygen  was  allowed  to  raise  the 
temperature  ox'  the  solid  through  its  sensiblo  heat,  and  to  change  the 
state  of  the  oxygen  through  its  transformation  and  melting  phases.  Sub¬ 
limation  occurred  in  some  cares  when  the  density  decreased  and  a  constant 
volume  of  oxygen  is  to  be  maintained. 

The  study  was  made  with  different  size  storage  vessels  which 
have  supports  to  handle  tvo  different  launch  C-loads  of  10  G  and  86.6  C. 
The  analyses  also  included  the  performance  evaluation  with  a  varying 
number  of  rigid  radiation  shields  and  with  different  thicknesses  of 
multilayer  insulation. 

The  equations  that  were  used  in  this  parametric  analysis  are 
developed  in  Appendices  B,  D,  and  B.  These  equations  were  programmed  in 
FORTRAN  IV  for  the  IBM  360  computer,  and  cases  were  run  over  the  range 
of  the  parameter. 

Results  of  the  Analyses 

The  data  from  the  computer  runs  were  plotted  in  various  ways 
to  (a)  provide  working  curves  for  determining  storage  time  as  a  function 


of  tank  size,  insulation  design,  and  support  requirements,  and  (b)  to 
compare  the  extended  storage  capabilities  of  oxygen  when  stored  initially 
under  different  conditions 

The  working  cur.su  are  presented  in  figures  26  through  29  for 
solid  oxygen  stored  at  54.3oK  (triple  point)  and  at  43»8K  (transition 
point  between  Phase  I  and  Phase  II).  These  curves  show  the  storage  time 
as  a  function  of  inner  container  radius  and  2  G-loads.  Figure  26  is  for 
flexible  multilayer  insulation  of  various  thicknesses  and  figure  27  is 
for  different  numbers  of  rigid  radiation  shields,  both  for  the  solid 
oxygen  stored  at  the  triple  point.  Figures  28  and  29  are  the  same  curves 
as  26  and  27  respectively  for  solid  oxygen  stored  at  43.8K. 

The  storage  performance  of  these  systems  can  best  be  compared 
by  normalizing  the  oxygen  in  terms  of  the  percentage  of  oxygen  remaining 
in  the  container  after  a  given  period  of  time.  Figures  30  through  37 
show  this  comparison  for  selected  tank  sizes,  insulations,  and  G-loads. 
All  of  the  figures  show  the  performance,  or  storage  capability  of  satu¬ 
rated  liquid  oxygen  for  comparison.  In  addition,  figures  30  and  31 
show  the  storage  capability  of  saturated  liquid  oxygen  when  it  is  allowed 
to  self -pressurize  to  a  supercritical  pressure  of  55  atmospheres  before 
venting. 

Discussion  of  Results 

The  ircreased  storage  capacity  when  using  solid  oxygen  is 
clearly  shown  in  these  figures.  For  example,  figure  31  shows  that  the 
percentage  of  oxygen  remaining  after  250  days  of  storage  (in  the  same 
size  tanks  with  equal  insulation  and  G-loads)  is  as  follows: 

Relative  Weight  of  Oxygen  * 
Initial  Oxygen  Condition  Remaining  after  25Q  days  Storage 


Solid  oxygen  ©  12K  100^ 

Solid  oxygen  ©  43 .8K  86^ 

Solid  oxygen  ©  54.36K  (triple  point)  58^ 

Saturated  liquid  oxygen  ©  90.18K  14^ 

(vented  at  1  atm) 

Saturated  liquid  oxygen  ©  90.  8K  li> 

(vented  at  55  atm) 


*  Reference  weight  is  saturated  liquid  ^>gen  at  90.19K,  95^  full. 
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EXTENDED  STORAGE  TIME  (0T),  DAYS 


Figure  2f>.  Extended  Storage  Ti«e  of  Liquid  Oiyg»r  by 

Sub lining  and  Halting  Solid  Oxygen  as  a  Function 
of  Inner  Container  Radius  (Solid  Oxygen  Storage 
54. 5^ •  Flexible  Multilayer  Insulation) 
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NOTES:  1)  10  G  (1  DIRECTION  ON  THE  SUPPORTS) 

2)  86.6  G  (50  G  IN  3  DIRECTIONS  ON  THE 

SUPPORTS) 

3)  N  *  NO.  OF  SHIELDS 


Figure  27.  Kx tended  Storage  tiam  of  Liquid  Oxygm  by 

Subliming  and  Malting  Solid  Oxygon  as  «&  Function 
of  laser  rontalnar  tadiua  (Solid  Oxygen  Storage 
at  N.3&I  Rigid  Shield  Insulation) 
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RELATIVE  WEIGHT  OF  OXYGEN  IN  DEWAR, 

Q.22.f>  KILOGRAMS  OF  SATURATED  LIQUID  OXYGEN  AT  90.18  K  =  1.000) 


R.  =  30  CM,  T|NS  =  1.0  CM,  86.6  G  LOADING  ON  THE  SUPPORTS 
FLEXIBLE  MULTILAYER  INSULATION 
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30  CM,  T;ns  =  1.0  CM,  JO.O  G  LOADING  ON  THE  SUPPORTS 


Figure  31 .  Comparison  of  Solid  as  a  Function  of  Liquid  Oxygen 
Storage  Times,  Flexible  Multilayer  Insulation 
R  =  30  CM,  Tins  =  1.0  CM,  10.0  G's 


RELATIVE  WEIGHT  OF  OXYGEN  IN  DEWAR, 

(122.6  KILOGRAMS  OF  SATURATED  LIQUID  OXYGEN  AT  90.18  K  =  1.000) 


SATURATED  LIQUID  OXYGEN  AT  90.18  K, 
95  PERCENT  FULL 

SOUD  OXYGEN  INITIALLY  AT  THE  TRIPLE 
POINT,  54.36  K,  95  PERCENT  FULL 

SOUD  OXYGEN  INITIALLY  AT  43.8  K 
(PHASE  3),  95  PERCENT  FULL 

SOUD  OXYGEN  INITIALLY  AT  12  K 
(PHASED,  95  PERCENT  FULL  AT  43.8  K 


Figure  52.  Comparison  of  Solid  as  a  Function  of  Liquid  Oxygen 
Storage  Times,  Flexible  Multilayer  Insulation 
=  30  CM,  T1HS  »  1.0  CM,  86.6  C's 
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INITIAL  CONDITIONS 


1.  SATURATED  LIQUID  OXYGEN  AT  90.18  K, 
95  PERCENT  FULL 

2.  SOLID  OXYGEN  INITIALLY  AT  THE  TRIPLE 
POINT,  54.36  K,  95  PERCENT  FULL 

3.  SOLID  OXYGEN  INITIALLY  AT  43.8  K 
(PHASE  ID,  95  PERCENT  FULL 

4.  SOLID  OXYGEN  INITIALLY  AT  12  K 


Figure  33-  Comparison  of  Solid  as  a  Function  of  Liquid  Oxygen 
Storage  Times,  Flexible  Multilayer  Insulation 

R.  -  70  CM,  Tt..<?  *  1.0  CM,  e6.6  G's 
J 


be 


RELATIVE  WEIGHT  OF  OXYGEL  IN  DEWAR, 

(122.6  KILOGRAMS  OF  SATURATED  LIQUID  OXYCF\  AT^0.18  K  =  jL^OOO) 


V2\3\4 


INITIAL  CONDITIONS 

SATURATED  LIQUID  OXYGEN  AT  90.18  K, 
95  PERCENT  FULL 

SOUD  OXYGEN  INITIALLY  AT  THE  TRIPLE 
POINT,  54.36  K,  95  PERCENT  FULL 

SOUD  OXYGEN  INITIALLY  AT  43.8  K 
(PHASE  1!  )/95  PERCENT  FULL 

SOLID  OXYGEN  INITIALLY  AT  12  K 
(PHASED,  95  PERCENT  FULL  AT  43.8  K 


TIME,  DAYS 


Comparison  oi  Solid  ns  a  Function  of  Liquid  Oiygen 
Storage  Times,  Rigid  Shield  Insulation 
R  -  50  CM ,  N  -  0 ,  86.0  C's 
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RELATIVE  WEIGHT  OF  OXYGEN  IN  DEWAR, 

(122.6  KILOGRAMS  OF  SATURATED  LIQUID  OXYGEN  AT  90.18  K  =  1.000) 


1.4, 


INITIAL  CONDITIONS 


1.  SATURATED  uQUID  OXYGEN  AT  90.18  K, 
95  PERCENT  FULL 

2.  SOLID  OXYGEN  INITIALLY  AT  THE  TRIPLE 


TIME,  DAYS 


Figure  35.  Comparison  of  Solid  as  a  IW.tion  of  Liquid  Oxygen 
Storage  Times,  Ri^.id  Shield  Insulation 
R  =  30  CM,  N  =  0,  10  C's 
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RELATIVE  WEIGHT  OF  OXYGEN  IN  DEWAR, 

CL22.6  KILOGRAMS  OF  SATURATED  LIQUID  OXYGEN  AT  90.18  K  *  1.000) 


INITIAL  CONDITIONS 

1.4  .  1.  SATURATED  LIQUID  OXYGEN  AT  90.18  K, 

95  PERCENT  FULL 


2.  SOLID  OXYGEN  INITIALLY  AT  THE  TRIPLE 
POINT,  54.36  K,  95  PERCENT  FULL 


TIME,  DAYS 


Figure  36.  Comparison  of  Solid  as  a  Function  oT  Liquid  Oxygen 
Storage  Times,  Rigid  Shield  Insulation 
Rj  30  CH,  R  2,  86.6  G's 
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Figure 


INITIAL  CONDITIONS 


1.  SATURATED  LIQUID  OXYGEN  AT  90.18  K, 
95  PERCENT  FULL 

2.  SOLID  OXYGEN  INITIALLY  AT  THE  TRIPLE 


Tiguri  ?7.  Cosparison  of  Solid  as  a  Function  of  Liquid  Oiygan 
Stora^a  Rifid  Shield  Insulation 

n  m  y>  CH,  K  =  2,  ^0  C’a 
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This  same  ratio  of  percent  of  oxygen  remaining  holds  generally  for  other 
tank  sizes,  insulation  design,  and  load  requirements  at  the  maximum  time 
where  the  solid  oxygen  stored  at  12  K  has  100^  of  its  oxygen  remaining. 

The  ratio  of  improvement  in  storage  capacity  can  provide  a 
guide  for  selection  of  the  practical  storage  method  for  a  given  require¬ 
ment.  It  is  noted  from  figures  30  and  31  that  the  oxygen  which  is  allowed 
to  go  to  supercritical  pressure  (55  atmospheres)  before  venting  has  better 
storage  life  initially  then  for  liquid  oxygen  vented  at  1  atmosphere  pres¬ 
sure,  but  as  the  time  is  extended,  the  storage  capacity  drops  below  that 
for  the  oxygen  venting  at  atmospheric  pressure.  This  is  due  to  the  vary¬ 
ing  thermodynamic  properties  of  the  supercritical  oxygen,  primarily  the 
specific  heat.  The  supercritical  oxygen  curves  level  out  at  a  constant 
stored  amount,  which  is  the  condition  where  a  gas  exists  at  55  atmospheres 
under  ambient  temperature  conditions  and  no  further  heat  leak  occurs. 

Storage  of  oxygen  initially  as  a  solid  at  the  triple  point  pro¬ 
vides  a  major  improvement  wher  compared  to  storage  of  oxygen  as  a  sub- 
critical  liquid.  This  is  shown  by  figure  30  where  the  oxygen  stored  as 
a  solid  at  the  triple  point  can  be  stored  for  over  50  days  without  loss 
compared  to  twelve  days  for  the  supercritical  liquid  and  zero  days  for 
the  subcritical  liquid  (oxygen  is  vented  immediately).  The  ground  >•.  )  pa  ra¬ 
tion  of  triple-point  solid  oxygen  is  not  difficult  using  liquid  he3ii>  or 
neon  as  a  coolant. 

Another  major  step  in  improving  the  storage  capabilities  can 
be  achieved  by  cooling  the  S'-1  id  oxygen  to  a  temperature  of  43.8  K.  Con¬ 
sistent  with  the  discussion  aoove,  solid  oxygen  stored  at  43.8  K  (below 
the  Phase  l/Phaae  II  transition  point)  will  remain  for  about  78  days  com¬ 
pared  to  the  50  days  for  the  triple- point  solid.  This  is  due  to  the  fact 
that  the  latent  heat  of  the  transition  from  Phase  I  to  Phase  II  of  the 
solid  is  actually  greater  than  the  latent  heat  of  fusion.  The  ground 
preparation  of  solid  oxygen  at  43.8  K  should  pose  no  major  problem  using 
liquid  helium  or  neon  as  the  coolant. 

Storage  life  can  be  further  improved  by  storing  the  solid  at 
1?  X.  This  extends  the  storage  life  bofore  loss  of  oxygen  to  about  92  days 
compared  to  the  78  days  for  the  43.8  K  solid.  This  last  gain,  however,  is 
obtained  by  reducing  the  solid  temperature  to  12  K  which  can  be  iccompliohed 
by  using  liquid  helium  to  prepare  the  solid  oxygen. 

In  summary,  the  length  of  oxygen  storage  life  can  be  substan¬ 
tially  improved  by  initially  storing  the  oxygen  as  a  solid.  The  lower 
the  initial  storage  temperature  of  tho  solid  oxygen,  the  longer  the 
storage  life  will  be.  The  most  practical  initial  temperature  for  storage 
of  3olid  oxygen  is  43.8  K,  just  below  the  Phase  I-Phaae  II  transition. 

At  this  point,  85^  of  the  potential  storage  eapebility  of  the  solid  is 
available.  To  achieve  the  remaining  15^  storage  capability  requires  cool¬ 
ing  down  to  around  12  K,  which  would  be  more  difficult  than  cooling  to  43.8  K 
and  which  would  require  n  more  sophisticated  internal  heat  exchanger  and 
large  quantities  of  liquid  helium. 


STORAGE  OP  OXYGEN  WITH  USAGE 


In  lieu  of  transforming  the  solid  oxygen  to  either  the  liquid 
state  or  the  supercritical  state,  it  can  be  maintained  as  a  solid  by 
subliming  it  to  space.  Upon  demand,  oxygen  can  be  transported  to  a 
breathable  condition  by  raising  the  pressure  and  temperature  of  the 
vapor  which  has  been  sublimed  from  the  solid  state.  The  pressure  may 
be  raised  by  the  use  of  adsorbents  such  as  used  in  experimental  portion 
of  tL'.n  study,  or  discrete  units  of  the  solid  oxygen  can  be  mechanically 
moved  to  a  place  outside  the  storage  container  to  allow  controlled  melt¬ 
ing  and  vaporization.  The  subject  of  this  section  is  the  comparison 
of  solid  storage  with  liquid  and  supercritical  storage  where  the  solid 
is  delivered  io  the  breathable  state  by  sublimation  and  raising  the 
pressure  by  adsorbents. 

The  choice  of  method  for  using  solid  oxygen  for  respiration  in 
space  depends  on  the  following  independent  parameters: 

•  Mission  Length 

*  Number  of  Men 

•  Space  Cabin  Leakage 

*  Extra-Vehicular  Activities 

In  addition,  the  following  parameters,  among  others,  must  be 
considered:  weight  and  size  constraints,  power  limitations,  and  the 
launch  environment  to  which  the  oxygen  system  shall  be  subjected. 
Ideally,  the  heat  will  transfer  into  the  container  at  a  rate  just 
sufficient  to  supply  the  required  oxygen  for  breathing,  cabin  leakage, 
etc.,  in  order  to  minimize  the  power  requirements.  The  cold  oxygen 
vapor  leaving  the  container  (either  solid,  liquid  or  supercritical) 
can  be  raised  to  the  cabin  temperature  by  circulating  through  a  heat 
exchanger  with  cabin  air  on  the  "hot"  side  of  the  exchanger.  Since 
the  cabin  must  be  air-conditioned,  this  procedure  also  results  in  a 
power  savings. 

Analytical  Procedure 

A  heat  transfer  analysis  was  first  made  to  develop  the 
equations  describing  the  heat  leakage  into  the  container  configuration 
described  in  Section  III,  Subsection  titled,  "Oxygen  Transport  by 
Mechanical  Manipulation".  The  heat  transfer  or  "leakage"  into  the 
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container  sublimes  solid,  vaporizes  liquid,  or  drives  off  supercritical 
fluid  in  order  to  maintain  a  constant  pressure.  With  a  given  initial 
weight  of  oxygen  a  mission  length  for  the  container  can  be  computed  and 
compared  with  the  weight  of  oxygen  required  for  a  given  number  of  men, 
mission  length,  leakage,  etc.,  to  determine  if  oxygen  must  be  "dumped" 
(heat  leak  greater  than  usage  requirements),  or  if  external  power  is 
required  (heat  leak  less  than  usage  requirements) .  If  the  result  is 
that  oxygen  must  be  "dumped,"  a  better  container  with  more  insulation 
and  lower-conducting  supports  should  be  designed  for  the  mission.  If 
the  result  is  that  power  is  required,  the  insulation  ihickne^s  and/or 
support  length  may  be  reduced  to  increase  the  heat  leak  into  the  con¬ 
tainer. 

Results  of  Analysis 

The  parametric  data  developed  for  oxygen  supply  systems 
which  yield  a  continuous  flow  of  vapor  are  presented  in  figures  38 
through  48.  These  figures  show  the  storage  system  weight  and  oxygen 
weight  as  a  function  of  mission  length,  the  number  of  crew  members, 
and  the  amount  of  insulation  on  the  storage  vessel.  Because  of  the 
large  number  of  variables  involved  in  the  analysis,  curves  are  required 
for  some  secondary  factors  (such  as  heat  leak  as  a  function  of  insulation 
thickness  and  vessel  radius)  in  order  to  fully  develop  the  performance 
characteristics  of  the  storage  systems.  These  curves  are  presented  in 
Appendix  I. 


Figures  38  through  40  present  the  weight  of  oxygen  required 
for  a  given  mission  length  with  the  number  of  men  using  1.13  kilograms 
per  day  as  a  parameter.  These  figures  also  include  ono  kilogram  per  day 
total  leakage  rate  and  no  air  lock  usage.  Superimposed  upon  these 
figures  is  the  mission  length  versus  the  weight  of  oxygen  when  the  heat 
supplied  is  equal  to  the  heat  transfer  through  the  insulation  and  supports 
(launch  loading  of  86.8  G);  curves  for  various  insulation  thicknesses 
are  shown. 


Figures  41  through  43  present  similar  results  for  a  launch 
loading  of  10  G.  Figures  38  and  41  are  for  3olid  storage,  figures  39 
and  40  are  for  liquid  storage,  and  figures  40  and  43  are  for  supercritical 
storage.  The  curves  for  the  amount  of  the  oxygen  required  per  number  of 
men  are  the  same  for  the  two  figures  because  the  same  weight  of  oxygen 
should  give  the  same  mission  length  for  the  equal  usage. 
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II  Full  Usage  of  Oxygen:  Supplemented  Heeling  ■■  ■  —  (Portion 

Required  to  Supply  Vepor  for  Breathing,  ,  To  the  Left  of  env  “Dashed" 

(1  kg/Dey  Leekege,  1.13  kg/Dey/Men  end  No  Curve) 

Air-Lock  Usage). 

2)  Oxygen  Oumped  Overboerd:  Heet  Input  Through  —  — - 

Iniuletion  end  Support!  it  Greeter  then  Required  .  Above  env  “Solid" 
to  Supply  Vepor  (Supports  Designed  for  86.6  G  Curve) 

Maximum 

3)  Tj  -  Iniuletion  Thickness  of  Flexible  Multileyer  Type. 

4)  N  ■  No.  of  Rigid  Redietion  Shields  with  Vecuum  Deposited 
Gold  (Also  Gold  Finish  on  Inner  end  Outer  Conteiner). 
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Figure  39  Required  Initial  Oxygen  Weight  at  a  Function  of  Mission  Length  and  Number 
of  Men  and  Heat  Transfer  into  the  Container  for  Liquid  Oxygen  Storage 
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Figure  42.  Required  Initial  Oiygan  Weight  at  •  Function  of  MMon  length  and  Number 
of  Man  and  Haot  Tranafar  into  the  Container  for  Liquid  Oxygen  Storage 
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Figure  43.  Required  Initial  Orygan  Weight  m  a  Function  of  Minton  Length  and  Nuwtttar 
of  Man  and  Meet  T rentier  into  the  Container  for  Svpertntical  Ouygen  Storage 


MISSION  LENGTH  WITHOUT  DUMPING,  DAYS 


NOTES:  1)  USAGE  RATE  FOR  ONE  MAN.  AT  1.13  KG/DAY 
PLUS  1  KG/DAY  LEAKAGE 


Figur®  44.  Mission  Length  Without  Duaping  Oxygen  ns  •» 

Function  of  Insulation  Thickness  (Or.e  Mar.  Usage) 


NOTES:  1) 


USAGE  RATE  FOR  THREE  MEN  AT  1.13  KG/DAY/MAN 

PLUS  1  KG/DAY  LEAKAGE 

86.6  G'S  MAXIMUM  SUPPORT  LOADING 


2) 

3)  "ZERO"  INSULATION  THICKNESS  IS  WITH 
A  GOLD  COATED  VACUUM  DEWAR 


Figure  45.  .Mission  L#n*;*h  Without  Ducpiny  Oxygen  as  a 

Function  of  Insulation  Thickness  (Three  Her.  Usage) 


NOTES:  1)  USAGE  RATE  FOR  SEVEN  MEN  AT  1.13  KG/DAY 
PLUS  1  KG/DAY  LEAKAGE 

2)  86.6  G  MAXIMUM  SUPPORT  LOADING 


Figure  4t> .  Mission  Length  Without  Dumping  Oxygen  as  a 

function  of  Insulation  'Thickness  (Seven  Men  Usage) 


TOTAL  WEIGHT  <WT0T>,  KILOGRAMS 


Figure  47.  Total  Weight  a a  a  Function  of  Mission  Length  and 

Number  of  Men  (insulation  Thickness  -0.5  Centimeters, 
Fieri  bio  Multilayer  Type) 
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TOTAL  WEIGHT  (WT0T>,  HLOGJtAMS 
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Figure  48.  Total  Weight  as  a  Function  of  Miaaion  Length  and 

Humber  of  Men  (insulation  Thickness  =  3*0  Centimeters, 
Flexible  Multilayer  Type) 


76 


For  supercritical  oxygen  storage  (figures  40  and  43),  the 
"dashed"  curves  actually  vary  with  time  during  the  mission.  This  varia¬ 
tion  is  caused  by  two  factors:  (l)  the  orygen  temperature  increases 
continuously  du:?ing  supercritical  storage  due  to  the  decreasing  density 
(f  e  figure  61  in  Appendix  II.  The  "dashed"  curves  of  figures  40  and  43 
are  for  the  minimum  (q/A)  parameter  of  73  watts  per  gram  per  second  at 
32.5  percent  weight  remaining  in  the  Dewar  and  where  the  oxygen  tempera¬ 
ture  is  158  K.  The  "dashed"  curves  should  then  represent  an  approximate 
minimum  mission  length  without  having  to  dump  oxygen  overboard  because  the 
heat  transfer  is  greater  than  that  required  to  supply  oxygen. 

A  comparison  of  the  performance  curves  for  supercritical, 
liquid  and  solid  storage  sho*.s  that  the  supercritical  storage  method 
requires  more  insulation  than  the  liquid  or  solid  storage  methods  to 
provide  the  same  mission  length  for  the  longer  missions.  Likewise,  the 
liquid  storage  me+hod  requires  more  insulation  then  the  solid  storage 
method.  Figur-  +4,  45,  and  46  present  this  comparison  for  the  case  where 
the  support  loading  is  designed  for  86.6  G  and  for  missions  for  one-,  three-, 
and  seven-man  crews,  respectively.  These  figures  were  drawn  from  the  inter¬ 
sections  of  the  "dashed"  and  continuous  curves  of  figures  38  through  40. 
Similar  comparison  curves  can  be  drawn  for  other  crew  sizes,  leakages,  and 
support  loading  by  using  figures  38  through  43  as  working  curves. 

Figures  47  and  48  present  the  total  system  weight  including 
insulation  and  structure  versus  mission  length  comparing  solid,  liquid, 
and  supercritical  oxygen  storage,  with  the  number  of  men  (l  .  7,  15)  as 
a  parameter.  This  type  of  data  has  been  evaluated  for  different  insulation 
thicknesses  ranging  between  0.5  and  10  cm,  as  well  as  for  rigid  shield 
insulation.  The  comparisons  are  shown  for  insulation  thicknesses  of  0.5 
cm  and  5  cm  as  representative  of  the  results  for  total  container  weights. 

Discussion  of  Results 

The  results  presented  in  figures  38  through  43  show  the  regions 
where  heat  must  be  added  to  supply  oxv^en  (to  the  left  of  the  dotted  curves), 
and  where  heat  transfer  would  be  greats;'  than  required,  and,  consequently, 
oxygen  would  have  to  be  dumped  overboard  to  maintain  cabin  pressure  (along 
dotted  curves  above  any  given  solid  curve).  For  instance,  for  three  men, 
the  solid  curve  to  the  ieft  of  Point  A  on  figure  38  represents  mission 
lengths  where  heat  must  be  added  to  supply  oxygen  when  the  insulation 
thickness  is  equal  to  0.5  cm.  For  an  insulation  thickness  of  0.5  cm,  the 
weignt  of  oxygon  required  to  supply  a  given  mission  length  in  excess  of 
133  days  is  given  by  values  on  the  dashed  curve  abo^e  Point  A.  More 
oxygen  is  required  in  thi3  case  because  oxygen  usage  does  not  keep  pace 
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with  tha  oxygen  generation  rate  and  the  excess  rust  be  dumped  overboard. 

For  instance,  a  mission  length  of  200  days  would  indicate  a  requirement  for 
1030  kilograms  of  oxygen  when  utilizing  0.5  cm  of  insulation.  In  order  to 
keep  from  dumping  oxygen  overboard  for  a  given  mission,  the  insulation 
thickness  must  be  increased,  for  instance,  to  Point  B  with  2  cm  of  insula¬ 
tion  would  yield  approximately  350  days  without  dumping  oxygen.  For  the 
example  of  a  200  day  mission,  only  880  kilograms  of  oxygen  ere  required 
for  2.0  cm  of  insulation  as  compared  to  1030  kilograms  for  0.5  cm. 

Similar  comparisons  of  the  effect  on  insulations  can  be  drawn  for  liquid 
and  supercritical  storage  presented  in  figures  39  and  40  and  for  missions 
with  the  lower  loading  of  10  G  on  the  supports. 

A  comparison  of  mission  length  without  having  to  dump  oxygen 
as  a  function  of  insulation  thickness,  storage  method  and  the  number  of 
men  in  the  crew  is  presented  in  figures  44,  45,  and  46.  The  results  for 

zero  insulation  thickness  is  also  for  no  shields  and  the  inner  and  outer 

containers  coated  with  vacuum  deposited  gold.  Several  facts  are  shown 
by  these  curves.  First,  »a  the  total  usage  rate  i3  increased  (one  man, 
three  men,  and  seven  men)  for  a  given  required  mission  length,  say,  one 
year,  the  required  insulation  thickness  decreases  significantly.  For 
instance,  with  the  solid  storage  or.  the  three  curves: 

•  one  man  requires  8.3-cm  thick  insulation 

•  three  men  require  2.4-cm  thick  insulation 

•  seven  men  require  0.9-cm  thick  insulation 

The  reason  for  this  is  that  for  the  same  mission  length,  a  larger  con¬ 
tainer  is  required  for  larger  usage  rates  and  for  spherical  containers, 
the  weight  of  oxygen  increases  as  the  cube  of  the  radius,  and  the  heat 
transfer  increases  only  a3  the  radius  squared.  Thus,  for  larger  usage 
rates,  the  insulation  thickness  can  be  decreased  to  provide  the  required 
increase  in  heat  transfer. 

Second,  solid  oxygen  provides  a  longer  mission  than  either 
liquid  or  supercritical  storage  in  all  regions  of  parameters  considered. 

The  relative  performance  of  the  throe  storage  phases  does  not  change. 

This  is  due  primarily  to  solid  oxygen's  larger  latent  heat  of  sublimation. 
By  the  same  token,  solid  oxygen  requires  more  external  power  than  the 
liquid  if  the  container  heat  transfer  is  lower  than  for  the  required 
usage  rate. 
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The  comparison  of  storage  container  total  weight  (with  oxygen) 
is  presented  in  figures  47  and  46  for  insulation  thicknesses  of  0.5  cm  and 
5.0  cm,  respectively.  There  is  negligible  difference  in  liquid  and  solid 
oxygen  total  storage  container  weight  for  the  same  mission  length.  Also, 
the  loaded  supercritical  storage  container  is  heavier  than  both  the  solid 
and  liquid  containers. 

The  results  of  t  ie  analyses  are  significant  in  three  respects: 

1.  A  slight  saving  in  total  weight  of  less  than  1^  is 
gained  by  using  solid  oxygen  instead  of  liquid  oxygen.  This  result  does 
not  include  the  weight  attributable  to  the  peripheral  equipment  required 
to  maintain  a  low  pressure  over  the  solid. 

2.  There  is,  however,  a  significant  reduction  in  the  volume 
of  oxygen  (l4$)  when  utilizing  a  solid  instead  ox  a  ’iquid. 

3.  The  advantages  of  a  solid  oxygen  continuous  supply  system 
over  a  liquid  system  are  outweighed  by  the  consideration  that  additional 
weight  is  required  for  pumps  to  maintain  a  low  pressure  over  the  solid. 

SOLID  OXYGEN  STORAGE  AND  SUPPLY  SYSTEMS 

The  analytical  and  experimental  work  described  previously  has  shown 
distinct  advantages  for  considering  the  solid  phase  of  oxygen  for  storage 
and  supply  systems.  A  preliminary  evaluation  of  potential  storage  and 
supply  systems  can  be  made  from  the  data.  In  this  section,  three  potential 
systems  are  described  using  the  information  generated  in  the  study. 

Systems  for  Space  Cabin  Oxygen  Supply 

The  analytical  data  presented  in  Section  II  provides  the 
information  for  selection  of  the  oxygen  storage  system  design  as  a  function 
of  the  number  of  crew  members  and  the  length  of  the  mission.  The  comparison 
curves  of  figures  44,  45,  and  46  show  that  the  solid  oxygen  supply  system 
has  no  real  advantage  over  the  liquid  oxygen  system  once  oxygen  is  being 
used  by  crew  members.  If  solid  oxygen  is  initially  used  at  launch  or 
during  space  transport  to  a  space  station,  then  it  could  be  supplied  to 
crew  members  either  by  transporting  the  solid  sublimating  vapors  or  by 
melting  the  solid  and  using  the  vapors  which  are  evaporated  for  the  liquid. 


79 


— i 


The  supply  of  oxygen  to  the  crew  compartment  from  a  subliming 
solid  would  require  the  3-pump  systems  shown  in  figure  49.  To  use  this 
system,  an  improvement  in  the  cooldown  rate  of  the  cryosorption  pumps 
is  required  as  noted  in  the  discussion  of  the  experimental  study.  The 
weight  of  the  cryosorption  pump  material  is  given  in  figure  13,  for 
example  a  10-man  crew  would  require  a  14-kilogram  pump,  and  for  three 
pumps,  this  would  mean  42  kilograms  for  the  total  molecular  sieve  weight 
in  the  system.  Other  system  limitations  must  be  considered  in  this 
application  such  as  the  maximum  rate  of  sublimation  from  the  solid 
oxygen  surface  shown  in  figure  50.  From  this  curve  the  surface  area 
requirements  for  solid  oxygen  sublimation  at  the  triple  point  and  for 
lower  solid  oxygen  temperatures  can  be  evaluated  for  a  given  application. 
This  minimum  surface  area  requirement  can  be  a  serious  limitation  to  the 
use  of  the  solid  subliming  system  for  large  number  of  crew  members  and 
short  mission  durations  (small  supply  tanks)  when  solid  temperatures  are 
much  below  the  triple  point.  The  other  potential  problem  in  the  system 
design  for  this  oxygen  transport  method  is  the  flow  area  requirements 
between  the  subliming  solid  and  the  cryosorption  pumps.  Figure  51  shows 
that  large  flow  areas  are  required  even  for  short  lengths,  especially 
for  the  lower  temperature  solid  where  vapor  pressures  are  very  low. 

(See  Dushman,  1962) 

The  liquid  oxygen  supply  would  be  a  conventional  system  and 
would  be  usable  as  scon  as  the  solid  oxygen  in  the  tanks  (if  used  for 
launch  and  transport)  is  melted. 

The  solid  oxygen  supply  system  for  crew  cabin  oxygen  supply 
has  several  sarious  limitations  due  to  maximum  sublimation  rates  and  low 
conductance.  Only  triple-point  oxygen  should  be  considered  for  the  cryo¬ 
sorption  transfer  method  3ince  no  advantage  is  gained  with  lower  tempera¬ 
ture  solid  during  use  by  crew  members.  Since  no  real  performance  advantage 
is  gained  in  using  the  solid  oxygen  over  the  liquid  oxygen  during  crew  use 
(except  for  elimination  of  two- phase  problems  of  the  liquid),  solid  oxygen 
should  only  be  considered  for  special  cases.  One  possible  case  is  where 
only  intermittent  use  of  oxygen  from  storage  will  occur,  and  good  storage 
characteristics  are  required  between  these  phases  of  use. 

Systems  for  Long-Term  Storage 

The  analytical  study  indicated  a  major  advantage  of  solid 
oxygen  over  subcritical  and  supercritical  oxygen  for  long-term  storage 
without  usage.  This  is  due  to  the  heats  of  fusion  and  transition  of  the 
solid  as  well  as  *he  sensible  heat. 
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Figure  51.  Flow  Conductance  of  Subliming  Oxygen  Vapor, Zero  Flow  Length  Assumed  (Orifice) 


During  the  phase  transitions  and  melting  of  the  solid,  n« 
loss  of  mass  occurs.  Since  the  solid  has  a  greater  density  than  liquid, 
some  oxygen  must  be  vented  off  before  the  oxygen  is  melted.  For  greatest 
storage  effectiveness,  this  oxygen  should  be  subliming  to  absorb  heat 
leak  thermal  energy  rather  than  allow  it  tc  be  lost  as  a  liquid.  There¬ 
fore,  sublimation  will  occur  to  some  extent  during  long-term  storage.  The 
rate  of  sublimation  in  this  case  is  only  dictated  by  the  heat  leakage  into 
the  storage  vessel,  and  generally,  the  rate  will  be  very  small.  For  example, 
the  rate  of  oxygen  sublimation  from  a  60-cm  radius  spherical  storage  tank 
with  6  cm  of  superinsulation  at  a  solid  temperature  of  K  will  be  65  grams 
per  day  and  will  require  75  cm2  0f  oxygen  surface  area.  The  surface  area  of 
the  solid  in  this  tank  when  95$  full  is  over  1000  cm’,  and  therefore  the 
surface  sublimation  limitation  will  not  apply.  However,  the  flow  conductance 
of  the  low-vapor-pressure  vapor  can  be  a  limiting  factor  if  the  gas  is  to 
flow  a  long  distance  (see  Dustman,  1962).  If  the  subliming  vapor  is  to  be 
collected  for  use,  then  the  vapor  must  be  routed  to  a  cryosorption  pump; 
otherwise,  it  would  be  rejected  directly  to  space.  An  indication  of  this 
flow  resistance  for  subliming  oxygen  vapor  is  shown  in  figure  51.  The 
conductance  must  be  critically  examined  for  any  specific  system  design  to 
assure  satisfactory  system  ojeration  during  sublimation. 

Long-term  storage  of  oxygen  can  best  be  ■'ccomplished  by  starting 
with  solid  oxygen.  The  lover  the  initial  temperature  of  the  solid  oxygen, 
the  longer  the  storage  life  will  be.  The  system  design  for  long-term  storage 
of  oxygen  will  be  simple,  except  where  subliming  vapors  are  to  be  recovered 
and  in  some  cases  where  subliming  vapors  are  rejected  to  space.  The  complica¬ 
tions  are  encountered  due  to  the  low  vapor  pressures  where  the  restrictions 
to  sublimation  and  removal  of  the  subliming  vapors  from  the  stc.age  tank  can 
become  major  factors  in  the  systemdesign,  an  alternate,  though  less  effective, 
method  can  be  used  in  which  less  solid  oxygen  is  initially  stored  in  the 
vessel  and  no  sublimation  of  the  solid  occurs.  In  this  case,  all  the  heat 
leak  into  the  vessel  is  absorbed  as  sensible  heat,  transition  heat,  and 
melting  of  the  solid. 

Systems  for  Extra-Vehicular  Acti  /ity  Supply- 

Certain  future  applications  will  require  that  a  long-term  storage 
system  for  oxygen  be  available  and  designed  so  that  a  certain  mass  of  I  he 
oxygen  can  be  removed  for  individual  use  for  short  periods  of  tire.  Extra¬ 
vehicular  activity  from  space  stations  and  search  activities  on  the  lunar 
surface  are  two  possible  applications.  For  these  requirements,  a  solid 
storage  system  with  a  mechanical  transport  system  would  be  of  interest. 


The  oxygen  stored  in  solid  form  under  vacuum  will  provide 
long-term  storage  capability.  If  the  oxygen  is  in  the  form  of  blocks, 
mechanical  removal  of  blocks  of  oxygen  from  the  vacuum  storage  system 
can  be  readily  accomplished.  This  was  demonstrated  in  the  experimental 
work  conducted  in  this  program.  The  blocks  of  oxygen  can  be  removed 
through  an  air-lock  valve  into  capsules  where  they  can  be  liquidfied 
for  breathing  purposes. 

The  system  for  solid  oxygen  removal  bv  mechanical  methods  will 
require  a  development  study  to  determine  the  most  effective  way  of 
acccmplishing  the  task.  The  experimental  work  in  this  program  demonstrated 
that  this  could  be  done  simply  by  lifting  the  solid  oxygen  through  an 
air-lock  valve  in  a  one-G  field.  Operation  of  the  system  under  zero-G 
and  during  maneuvering  of  the  vehic’e  will  require  a  different  approach. 

In  any  ca3e,  the  air-lock  valve  is  required  to  maintain  vacuum  conditions 
in  the  solid  storage  system  during  transfer. 

The  system  of  oxygen  storage  and  transfer  for  extra- vehicular 
activity  will  consist  of  a  simple  storage  system  having  an  air-lock  transfer 
system.  The  specific  design  of  the  h^at  transfer  system  can  be  established 
in  a  design  and  development  program. 


SECTION  V 
CONCLUSIONS 


The  analyses  has  shown  that  solid  oxygen  can  substantially  extend  the 
storage  time  beyond  that  obtained  under  the  subcritical  and  supercritical 
storage  conditions.  The  benefits  are  great  enough  to  seriously  consider  the 
use  of  soliu  oxygen  storage  for  all  space  oxygen  supply  systems  where  long-term 
storage  of  oxygen  is  a  requirement. 

The  u"e  of  solid  oxygen  in  systems  where  the  oxygen  is  continuously  being 
used  by  crew  members  has  only  a  small  advantage  over  the  use  of  subcritical 
oxygen,  oome  complies tions  are  added  to  the  oxygen  transfer  system  when  solid 
oxygen  is  used  since  the  oxygen  vapor  pressure  must  be  raised  to  cabin  pressure 
eithe  •  by  a  cryosorption  pump  with  vapor  transport  or  by  use  of  an  airlock  with 
solid  mechanical  transport.  The  benefit  to  be  gained  by  solid  oxygen  in  terms 
of  longer  mission  duration  does  not  appear  to  warrant  the  added  complexity  of 
the  transfer  system. 

The  benefit  in  extended  storage  time  of  solid  can  be  of  major  importance 
in  standby  emergency  systems  or  systems  for  extra-vehicular  activity.  The 
solid  extended  storage  sy-tom  combined  with  a  mechanical  transfer  system  to 
bring  oxygen  blocks  through  an  airlock  would  provide  a  practical  system  for 
these  retirements. 

'The  following  specific  conclusions  can  also  be  made. 

.  Lolid  oxygen  transfer  through  an  airlock  to  a  high-pressure  area 
can  be  accomplished  with  a  mechanical  transport  system. 

.  'Transport  of  subliming  oxygen  vnrors  oy  cryosorption  pump  to  a 
high-pre  .sure  area  can  be  accomplished,  but  vapor  flow  restrictions  can  seriously 
limit  the  application  to  some  systems. 

.  Moving  solici  oxygen  with  a  magnet  using  the  paramagnetic  properties 
of  oxygen  does  not  appear  practical  from  the  preliminary  work  done  in  this  study. 

.  The  preparation  o r  ,ulii  oxygen  by  using  the  cooling  effect  of  solid 
nitrogen  can  only  be  done  on  a  small  scale  b.y  having  good  heat  transfer  between 
the  nitrogen  and  the  oxygen,  low  heat  leak  into  the  oxygen,  and  a  ^-ood  vacuum 
pump  to  reduce  the  vapor  pressure  over  the  oxygen  to  around  1  torr. 
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SECTION  VI 


RECOMMENDATIONS 


On  the  basis  of  the  work  conducted  in  this  progra:*  the  following 
recommendations  can  be  made: 

•  The  long-term  storage  of  solid  oxygen  is  substantially  better 
then  for  subcritical  and  supercritical  liquid  storage,  and  experimental 
tests  should  be  conducted  on  a  prototype  storage  system  to  substantiate 
the  storage  capabilities  and  to  evaluate  the  system  design  requirements. 

•  Transport  of  solid  oi<-.  en  from  the  vacuum  storage  area  to  a 
breathable  state  by  mechanically  transferring  oxygen  blocks  through  an 
air  lock  should  be  developed  for  future  EVA  and  emergency  oxygen  supply 
requirements . 

•  Before  consideration  i3  given  to  the  use  of  subliming  oxygen 
vapor  transport  by  cryosorption  ptmps,  system  studies  should  be  made  to 
assure  that  the  low  pressures  of  sublimation  do  not  cause  problems  in 
system  design  to  achieve  adequate  flow  conductance.  In  addition,  the 
cool-down  characteristics  of  molecular  sieve  material  must  be  improved 

to  dev^op  a  practical  cycle  of  operation. 

•  Design  study  of  specific  application  requirements  should 
be  made  to  further  define  the  suitability  and  benefits  of  using  solid 
oxygen  in  the  specific  application  in  place  of  liquid  oxygen. 
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APPENDIX  I 


ANALYSIS  OF  HEAT  TRANSFER  TO  THE  STORED  OXYGEN 


HEAT  TRANSFER  THROUGH  THE  INSULATION 


The  heat  transfer  through  the  insulation  will  be  calculated  assuming 
the  temperatures  and  their  gradients  are  steady  (i.e.,  assuming  that  the 
temperature  changes  are  slow).  For  the  solid  and  subcritical  storage 
methods,  this  assumption  is  valid;  however,  for  the  supercritical  storage 
method,  the  fluid  temperature  in  the  container  increases  during  the  thermal 


pressurization. 


dT 

The  C  —  (heat  capacity)  of  the  inner  container  and 


insu¬ 


lation  for  the  supercritical  storage  method  will  be  neglected.  The  magnitude 
of  this  term  can  be  checked  once  a  usage  rate  (number  of  men)  has  been  es¬ 
tablished  for  a  given  size  container. 


The  temperature  of  the  inner  container,  T.,  will  be  assumed  to  be 
equal  to  the  temperature  of  the  stored  oxygen.  The  temperature  of  the 
outer  container,  T  ,  will  be  assumed  to  be  equal  to  the  ambient  temperature, 
298K.  ° 


Flexible  Multilayer  Type  of  Insulation 

The  he  it  transfer  through  a  layer  of  insulation  in  the  form  of 
a  spherical  shell  is  given  by 


477V  „  (T  -  T  ) 

ins  o  i 


"INS 


V* 


where 

=  Heat  transfer  into  the  oxygen  by  way  of  the  flexible 
multilayer  insulation,  watts 

k.  =  Thermal  conductivity  of  the  insulatin'".,  w/cm  K 
ms 

r^  =  Inside  radius  of  the  inner  container,  cm 
t  =  Wall  thickness  of  the  inner  container,  cm 


(1) 
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Inside  radius  of  the  outer  container,  cm 
Temperature  of  the  inner  container,  K 
Temperature  of  the  outer  container,  K 


Figure  52  shows  the  geometry  used  in  defining  the  parameters  of  equation  (l). 
The  inner  container  wall  thickness  is  given  by 


where 


=  Safety  factor 
=  Internal  pressure 
=  Yield  stress 


for  the  solid  and  subcritical  0^  storage  and  by 


t  =  r. 


'l  +  -r1  -  1 


for  the  supercritical  0^  (higher  pressure)  storage,  (see  Appendix  IV, 
Analysis  of  Weights  for  Oxygon  Storage  Systems). 

The  insulation  thermal  conductivity  is  a  function  of  the 
temperature  on  each  side.  The  ambient  temperature  will  bs  assumed  to  be 
296  K,  which  will  also  be  T  .  The  oxygen  temperature  (and  T.)  will  depend 
upon  the  method  of  oxygen  storage.  1 

Solid  0?:  12  K  to  5  ‘ K 

Subcritical  0o:  90.1b  K  (l  atm) 

c 

Supercritical  0_,:  104.2  K  (55  atm;  initially  95$  full 

of  liquid  at  1  atm)  initially  and 
increasing  with  time  (or  amount  of 
fluid  remaining  as  shown  in  Appendix 
IV) 
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The  laboratory  measured  thermal  conductivity  on  flat  samples  is  approxi¬ 
mately  0.173  x  10“6  w/cm-K  for  temperatures  at  77  K  and  300  K. 

For  the  insulation  applied  to  a  spherical  container  with  overlapping  and 
penetrations,  the  value  Is  approximately  twice  that  of  the  laboratory  value: 
0.35  x  10-6  w/cm-K.  Using  a  temperature  variation  for  the  thermal  con¬ 
ductivity  given  by  Wang  (l96l),  the  relation  to  be  used  for  this  analysis  is 


k(Tj,T2)  = 


0.0374 


/T1 


+T, 


100 


+  0.0UP9 


i  2  ?\ 

t.+t2|/t,  +t„  ’ 
100 " 


\  100^ 


x  10  ^w/cm-K 


(4) 


For  T  =  77  K  and  T0  =  2 98  IC, 


T  +  T, 

ioo  =  3,75;  I  Too/  + 


yioo, 


9.475 


k(77,298)  =  10"6  (0.1403  +  0.209?)  =  0.35  x  10  6 w/cm-K 


At  T  =  T2  =  298  K 


T  +  T 

_1 _ _2 

100 


=  5.96; 


100 


I  T  f 
1  2  1 

*  M 


=  17.764 


k(298,298)  *  10  6  (0.223  +  0.625)  =  0.848  x  10_6w/cm-K 


Multiplying  Equation  (4)  by  (T  -  Tj  gives 

1  <1 


k  At  =  l 


0.0374 


t100/ 


10  ^  (w/cm) 


2 

100/ 


r/*l  i1 

Ll  !«•/ 


+  0.0059  i  1  - 


K4, 

\100l  J 


.ll 


(5) 
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For  T  =  298  K 


So  that 

k(T,298)(298-T) 


(T^lOO)2  =  8.8804  K2 
(T^lOO)2  =  78.8615  K4 


7.9741  -  0.374 


T  \2 

T 

A 

M  -°'059 

100 

10  9w/cm 


(6) 


The  results  of  equation  (6)  for  T  from  0  K  to  298  K  are  shown 
plotted  in  figure  53.  The  parameter 

(298  -  T)  k(T,298) 

will  be  used  in  place  of  k.  (T  -  T.)  in  equation  (l)  for  computing  the 
heat  transfer  through  the  insulation. 


Rigid-Radiation-Shield  Insulation 

The  rigid  radiation  shields  (shown  in  figure  52)  will  have  a 
spacing  of  x  cm.  Each  shield  will  be  made  of  aluminum  which  is  vacuum- 
deposited  with  gold.  Thus,  each  surface  will  have  a  low  emittance  and 
high  reflection.  The  use  of  "vapor-cooled"  shields*  will  not  be  con¬ 
sidered  in  this  study.  Since  the  temperature  range  under  consideration 
in  this  analysis  is  from  ambient  (298  K)  down  to  cryogenic  temperatures 
(lOO  S  and  lower)  and  the  emissivity  of  vacuum-deposited  gold  varies  con¬ 
siderably  with  temperature  (see  figure  54),  the  radiation  exchange  factor 
for  two  closely  spaced  surfaces  (shields) 


(7) 


•Vapor-ccoled  shields  are  where  the  vent  tubing  for  the  cryogen  vapors 
is  coiled  uround  each  shield  and  the  exhaust  vapors  cool  part  of  the 
incoming  heat. 


VACUUM  REGION  WITH 
A  SECTION  OF  RH2D 
RADIATION  SHIELD  TYPE 
OF  INSULATION 


NOTE; 


SUPPORTS  BETWEEN  THE 
TWO  CONTAINERS  ARE 
NOT  SHOWN 


(FLEXIBLE 

TYPE) 


MULTILAYER 


Crosa-Soctlon  flow  of  Oxygon  Container  Illustrating 
Insulation  Shielding  G#o»#try 
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Figure  54.  Hami^>harical  and  Normal  Emrttance  and  Abaorptance  of  Gold 

(Multiply  by  1.3  to  Obtain  Hamitparical  Value*) 


is  not  strictly  valid  (in  this  equation,  and  6  represent  the  emissivity 
of  surfaces  i  and  j  respectively) .  However,  for  energy  at  any  wavelength 
A  ,  the  relation  holds  (see  Eckert  and  Drake,  1959,  pp.  403-404)  such  that 


q 


A 


A1  AJ 


(8) 


where 


4A 

W 


Heat  flux  transferred  from  surface  i  to  surface  j  per 
unit  increment  of  wavelength,  w/cm^  -  P. 

Planck's  blackbody  radiation  function  with  temperatures  of 
surfaces  i  and  j,  respectively 


ClA-5 


V  = 


(9) 


-1 


A1 

eAj 


Emissivity  of  surface  i  at  the  wavelength  A 
Emissivity  of  surface  j  at  the  wavelength  A 

The  total  heat  transfer  (q„)  per  unit  surface  area  is  given 


by  summing  equation  (8)  over  all  wavelengths  as  indicated  below: 


oo 


/ 


VA 


or 


oe 


urAk  dA 


(io) 


-  _  +  r—  -  1 


95 


Mult 

gives 


1 plying  the  right  side  of  equation  (10)  by  /£  £ ,  =  1 

is  A  A°  A 


oo 


ek±  eXi 


I  _ /VU _ /- 

1 


Eb  A  j>‘  A 


(11) 


as  a  general  relation. 

In  the  problem  with  the  vacuum  deposited  gold  shields,  eA“l  <fA~°  .02), 
and  £\  f\  can  be  neglected  in  comparison  with  £\  .  +  £\  ..  Also  with 

A*  AJ  ,  A1  AJ 

the  gold  finish,  a  type  Hagen-Rubens  equation  (Dunkle,  1963)  which  is 
modified  to  give  the  total  hemispherical  emissivity  and  fit  experimental 
data  of  figure  54. 


CA* 


A'r 


IA 

e.  .  *  (4 

AJ  r  A 
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(12a) 

(12b) 


where 


=  A  constant,  62.8  (//)  ~ ohm  -cm" 

=  Electrical  resistivity  of  surface  i 

D.  =  Electrical  resistivity  of  surface  j 
'  j 

A  =  Wavelength 

Then  substituting  equations  (l2a)  and  (l?b)  into  equation  (ll)  and 
defining 


<\  e,  ‘tWP 

>.  =  ^ (approximate,  small  ) 

A  eA“fU  >7a*V5  A 


(13) 


and  defining  J"  and  3 : 

^  J 


and 


gives 


a„  =  A  .  K-  ~  Ev 

T  ^  l  bi  bj 


(14) 
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gold 


For  geld  (and  most  pure  metals)  ojlov  approximately  300  to  400  K,  the 
electrical  resistivity  is  linear  with  temperature. 


l)7 


/ 


P.  { 

T 

o 


A 


Using  this  relation  in  equation  (14) 


in  ohm-cm 

in  K 
gives 


=  0.74  VtT" 


Then  for  both  i  and  j 


-/ITT 
V  i  i  j 

-7fT  -  A  f 


0.74^ 


i  _7j  =  °-74  / 


/A 


[T. 

.M  +  i 
1  T<  ' 


Note  that 


v? 


<7i 


or 


Then 


~  0  V  T. 

•  i 

i  C  T.T. 

’t  ■  1 ir* 

f  0  1  *  'i'Tj  l 

Equation  (15)  can  be  written  a 

a. 


^  „  -4 

T. 


V 


It  (  C  t4)  ,fr 

7  5  1  v 


C  O 
j  j 


lii. 


T  4-  IT 

i  -V'  j 


vt.  (,jTi  >  -yv°T., 


(15) 


lit- 


where  (X  ..  is  the  absorptivity  of  a  surface  at  temperature  Ti  of  energy 
from  a  radiating  source  at  temperature  Tj  (or  vice  versa).  Both  surfaces 

0 

radiate  according  to  the  Hagen-Ruban's  Equation  and  P  =  -2-  T.  Using 

o 

Kirchhoff's  law  and  equation  (l2a) 


where  O'  .  . 

)  ij 


is  the  spectral  variation  of  Qf 


ij* 


By  definition, 


co 

r 


a 


■AijEtAjd 


A 


A  similar  analysis  shows  C.  =  0.74  -JP/T  T.  .  .  Thus,  when  T  =  T  . 

i  v  o  o  i  i  y 

C.  -  0(  satisfying  Kirchhoff's  law  for  equilibrium. 

X  X  J 

Several  sources  of  enissivity  an  1  absorptivity  data  for  gold 
are  plotted  as  a  f  motion  cf  temperature  from  0  to  '500  K  in  figure  54.  The 
data  for  the  measured  absorptar.ee  was  used  in  equation  (lb)  for  the  solution 
of  the  shield  temperatures  and  the  heat  transfer  by  radiation  through  the 
shields  to  the  oxygen. 


aii  -  (w2)  JvI=o-667' io'4  yvr 

Equation  (l6)  applies  to  any  two  adjacent  shields  and  q^ 
must  be  the  same  between  each  pair  of  adjacent  shields.  Likewise, 
the  same  must  be  true  between  either  container  (also  assumed  to  be 
gold  coated)  to  its  adjacent  shield.  This  condition  is  true  for  the 
assumption  of  negligible  heat  conduction  through  insulation  stand-offs 
as  in  the  present  analysis. 


and  equation  (l6)  with 


0.667-10-4  T.T. 

i  J 


becomes 


(17) 


q.  .  =  0.667*10 
U 


L 


CTt  4,5  -0T  4,5 

3.  j 


(18) 


Q.  .  =  A.q.  A.  =  47T  R." 
J  1J  J  1 


(19) 


where  Q. .  is  the  heat  "ansfsr  through  the  total  area  of  the  j  n  shield,  watts 

— j 

A_.  is  the  area  of  the  j  shield,  on/' 

th 

R.  is  the  radius  of  the  j  shield,  cm 
J 

and  R .  is  given  by 
J 


RJ  “  ri  +  t  + 


l(V) 


* 


where 


--  the  inside  radius  of  the  inner  container,  cm 
t  =  the  thickness  of  the  inner  container,  cm 
j  =  the  shield  from  the  inner  container 
x  =  the  shield  spacing,  cm 

Equations  (l7),  ( 18),  and  ( 19)  were  programmed  on  the  IBM  360 
digital  computer  for  numerical  solution  by  successive  iterations  on  the 
shield  temperatures  with  the  inner  container  temperature  equal  to  the 
stored  oxygen  temperature  and  the  outer  container  temperature  fixed  at 
the  ambient  temperature  of  298  K.  Once  the  temperatures  have  converged 
{ m  the  computer  program),  the  program  compares  the  radiant  heat  transfer 
through  the  shields.  Solutions  were  run  for  0,  1,  2,  3,  4,  and  5  shields 
(N)  and  varying  r.  from  5  cm  to  125  cm.  The  case  of  N  -  0,  iteration  is 
not  necessary,  an  cl  the  heat  transfer  can  be  calculated  immediately  from 
equation  (lo)  similar  to  the  following: 

In  equation  (l6)  with  i  =  1  and  j  =  2 


Use  T1  =  300  K,  then  T^4  =  0.0459  w/cm2 

and  T  =  77  K,  then  =  0.0002  w/cm"- 


101 


17.32  _  17.3?  _ 

17.32  +  8.95  26.27 


0.659 


F7 


8.95  _  8.95 

17.32  +  8.95  26.27 


0.330 


qT  »  0.0100  [0.659(0.0459)  -  0.330(0.0002)]  =  2.93  x  10~4  v/cm2 

The  results  of  this  analysis,  equations  (l5)  or  ( 16 )  are  very 
similar  to  and  are  substantiated  by  work  presented  by  Rolling  and  Tien 
(1967)  and  Tien  and  Gravalho  (1967)  on  thermal  radiation  between  non-gray 
metalic  surfaces  at  low  temperatures. 

HEAT  TRANSFER  THROUGH  THE  SUPPORTS 


The  heat  conducted  to  the  stored  oxygen  through  the  supports  between 
the  inner  and  outer  containers  is  a  function  of  the  number  of  supports 
(four),  cross-sectional  area  of  the  supports  (Appendix  IV)  length  of  each 
support,  and  the  ther nal  conductivity  of  the  support  material. 


The  support  material  will  be  a  titanium  alloy  such  as  Type  4Al~4Mn. 
The  thermal  conductivity  of  this  type  of  titanium  is  shown  in  figure  55 
as  a  function  temperature.  The  heat  conducted  through  the  four  supports 


q 


S 


k(T)  dT 


(?0) 


where  L0  and 

O 

Defining  the 


A  are  the  support  length  and  cross-section  area, 

O 

average  thermal  conductivity  as 


respectively. 


k:(T)  dT 


(21) 


k<VTo>  T  -  T 

o  i 


where  k(T)  is  the  thermal  conductivity  at  temperature  T, 


Aq(T  -  T  )  _ 

q„  =  4  k(T  ,T  )  (22 

S  Ls  i  o 

For  all  the  different  oxygen  storage  methods,  1  will  be  2 98  K; 

o 

will  vary  with  the  type  of  storage. 

The  support  cross-section  area  i3,  from  Appendix  IV,  equation  (99), 


where 


=  Initial  total  support  weight  (mass),  grams 
a  =  G-loading  (10  to  50  -fS) ,  0 

2 

S_^  =  Titanium  yield  strength,  grams/cm 

f  =  oafetv  factor 


The  four  supports  shown  in  figure  52  are  radial,  high-strength, 
titanium  alloy  wires  which  extend  from  the  inner  container  through  the 
outer  contaii'.er  to  the  corners  of  an  imaginary  tetrahedron  circumscribing 
the  outer  container.  Rigid  tubes  would  extend  the  vacuum  jacket  from  the 
container  to  the  end  of  the  supports  and  simultaneously  act  as  legs  for  the 
whole  container.  It  was  necessary  to  make  the  supports  long  in  order  > 
reduce  the  heat  transfer  to  the  order  of  magnitude  of  that  through  ti  1 
insulation.  However,  for  some  missions  where  the  oxygen  usage  rate  in 
high,  shorter  supports  and  higher  heat  loads  can  be  tolerated.  When  the 
oxygen  ir  to  be  stored  for  extended  periods  of  time  before  usage,  a 
minimum  total  heat  load  in  required.  For  the  support  configuration  selected, 
the  supports  exter.d  outside  the  outer  container  a  distance  of  2r  ;  thus  th9 
total  support  length  is  given  by 


(24) 


where 


LS  =  3ro  "  ri  "  t 


r  =  Inside  radius  of  the  outer  container,  cm 
o 

r.  =  Inside  radius  of  the  inner  container,  cm 

1 

t  -  Wall  thickness  of  the  inner  container,  cm 


The  total  weight  is 


W  =  w  +  w  +  w 

T  0o  IC  INS 


where 


W  =  Stored  oxygen  weight,  grams 
°2 

W  =  Inner  container  weight,  grains 
=  Insulation  weight,  grams 

For  subcritical  storage,  the  weight  of  the  phase  separator  must  also  be 
included  in  equation  (25). 

The  thermal  conductivity  and  average  thermal  conductivity  between  a 
variable  low  temperature  and  500__K  upper  temperature  are  shown  plotted 
in  figure  55.  The  dashed  curve  k(T.5G0)  will  be  used  in  equation  (22)  for 
computing  '•’he  heat  conduction  through  the  supports.  For  a  high  temperature 
of  298  K 

(T  -  298)  k(T,298)  =  (T  -  500)  k(T,500)  -  (500  -  298)  k(298,500) 

=  (T  -  500)  k(T,500)  -  0.1754 


where 


k(T,798) 


298  -  T 


■  yo 

J  k(T) 


Thermal  Cond-ctivity  (k),  Wetti/cm-K 


.10 


Temper  Hurt  (T).  K 

Figure  56.  Thermal  Conductivity  of  Titanium  Alloy  v«  Temper tore 

Type  4AL  4MN 


RESIDUAL-GAS  HEAT  CONDUCTION  (in  the  rigid  radiation  shields) 


The  magnitude  of  the  residual  gas  conduction  is  usually  very  low  in 
a  high  vacuum;  however,  a  check  calculation  will  be  made  to  compare  with  the 
other  modes  (multilayer  insulation).  Vance  and  Duke,  (1962,  pp.  154  -  156) 
present  the  equation  for  residual  gas  heat  conduction  between  two  surfaces 
in  a  vacuum  as 


W  =  KO(P  (T 
gc  2 


(26) 


where 


W 

gc 

K 

R 


Net  energy  transfer  per  unit  time  per  unit  area  of  inner 
container  surface,  w/cni 


QjjyiT 


2 

0.0159  w/cm  -mm  of  Hg-K  for  P  measured 
at  300  K,  gas 


Universal  gas  constant 


M 

T 

7 

P 

Q< 

A 


=  Molecular  weight  of  the  gas 
=  Temperature  of  the  gas 
=  Ratio  of  specific  heats,  cp^cv 
=  Pressure,  mm  of  Hg 
=  Overall  accommodation  coefficient 
=  Area 


‘x,  +  -'^2)Va2 


Subscripts  1  and  2  refer  to  the  inner  and  outer  surfaces, 
respectively. 

For  the  present  configuration  .*..i  for  no  shields 


and  from  Vance  and  Duke  (1962,  p  156) 


(X2  =  0.85,  OC  =  1.0,  for  i2  =  300  K,  T  =  77  K. 


The  temperature  difference  is 


T0  -  T  =  300  -  11  -  223  K. 


gc 


:  0.0159 

(0.85)  P  (223) 

p 

W 

gc 

mm-Hg 

/  2 
w/cm 

io“5 

3.01  i  10~5 

10-6 

0.301  x  10~ 

10-7 

0.0301  x  10' 

-5 


Comparing  the  residual  gas  conduction  with  radiation  where  there  are  no 
shields  but  the  inner  and  outer  container  have  a  low  emissivity, 


t  -  £ ^  -  0.015  (average) 

T  -  77  K,  70  =  300  K 
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e  e0 


n  _  -•  i 

,-2  "  f  +  (l  - 


■2 

=  0.00756 


r  )  f 
C2;  C1 


(0.015V'  =  0.015 

0.015  +  0.015  (0.985)  "  i.985 


T2  =  300  K,  i^T24  =  0.0459  w/crn* 
T  =  77  K,  CT^4  =  0.0002  w/on2 
Cf (T24  -  T  4)  =  0.0457  w/om2 

=  0.00756  (0.0457)  x  10*"5 


=  34.5 

-5  /  2 

x  10  w/cm 

at 

P 

=  10~4 

-5 

mm  of  Hg, 

V 

gc 

at 

P 

=  10  3 

-6 

mm  of  Hg, 

W 

go 

at 

P 

=  10 

mm  of  Hg, 

W 

gc 

For  N  shields: 

Assuming,  W  =  h  At,  A  T  =  temperature  differential  between  any  two 
gc  gc 

shields  are  u  changes  negligibly  with  temperature, 
go 


•J  _  — gp —  ( m 
gc  N  t-  1  2  1 


where  T.,  -  T  is  the  overall  temperature  difference. 

Assuming  that  the  emissivity  changes  are  negligible  with  temperature 
of  shields,  the  radiant  energy  decreases  by  a  factor  of  l/(N  ►  l).  Thus, 
both  u ...iiant  energy  transfer  and  residual  gas  conduction  decrease  at  the 
sfime  rate  as  the  number  cf  shields  is  increased. 


Looking  at  the  shields  on  the  cold  side  for  the  case  of  many  shields, 

P  =  10“6  mm-Hg  and  KP  =  constant  {see  Scott,  1959»  pp.  145  -  147) ,  conduction 
by  th>  residual  of  gas  is 

=  1.0  (0.0159)  (io~6)  (CX*  1.0) 

=  0.159  x  10  ^  w/cm^-K 


W 

-jgC- 

At 


The  radiation  between  assumed  shield  temperatures  of  77  K  and  100  K  with 

( 0  006 ) 11 

surface  properties  of  C>  =  0.006,^^  =  0".006  +  0.006  (o.995)'  = 


0.006 

1.99; 


0.00301,  is  (using  the  linearized  radiation  equation) 


—  =  ^  2  UCf  T  ) 


=  4(0.00301)  (5.669  x  lO'1^)  (88)5 
=  0.466  xlO7  w/cm^-K 


Thus:  Radiation  is  3  wines  the  residual  gas  conduction  at  a  pressure  of 
10“^  torr 

Radiation  is  30  times  the  residual  gas  conduction  at  a  pressure  of 
10~'  torr 


For  the  rigid  radiation  shield  insulation,  the  pressure  in  the  vacuum 
region  will  bo  assumed  to  be  10“'  torr  and  the  residual  gas  conduction  will 
be  neglected. 


u PAL  HEAT  TRANSFER  TO  THE  STORED  OXYCKN 

The  total  heat  transfer  to  ►he  stored  o*yger,  (Q  )  is  given  by 

x  ot 


i  =  Q  * 
tot  ins 


10- i 


(07) 


for  the  flexible  multilayer  insulation.  For  the  rigid  shield  insulation, 
the  total  heat  transfer  is  given  by 


Q 


tot 


+  Q. 


(28) 


The  component  heat  transfer  relations  given  in  Sections  I  and  II 
and  in  equations  (27)  and  (28)  were  programmed  for  solution  on  the  IBM  360 
digital  computer  with  the  storage  container  size,  insulation  parameters 
and  support  parameters  as  variables.  Results  are  presented  in  figures  56 
through  59. 

Figures  56  and  57  present  the  total  heat  transfer  (through  the 
insulation  and  supports)  as  a  function  of  inner  container  radius  for  solid 
and  liquid,  respectively.  Also  shown  in  figure  56  is  the  heat  transfer 
with  rigid  radiation  shields  with  vacuum  deposited  gold;  the  results  are 
of  the  same  order  of  magnitude  as  with  flexible  multilayer  insulation.  The 
total  heat  transfer  into  supercritical  oxygen  as  a  function  of  inner  con¬ 
tainer  radius  is  presented  in  figures  58  ^nd  59.  Figure  58  illustrates  the 
heat  transfer  tc  the  oi^gen  at  its  initial  temperature  of  104.2  K.  Figure 
59  presents  the  same  data  when  the  oxygen  is  at  a  temperature  of  158  K- 
This  latter  temperature  corresponds  to  the  condition  at  which  minimum 
heat  transfer  is  required  to  deliver  a  constant  flow  rate,  m.  This 
phenomena  of  a  reduction  is  heat  input  requirements  ?s  due  primarily  to 
the  reduction  in  the  specific  hoat  capacity  of  oxygen  near  the  critical 
point  of  the  material.  (See  figure  60  and  figure  61  of  Appendix  Tif  Heating 
Requirements  for  Oxygen  Delivery.) 
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APPENDIX  II 


HEATING  REQUIREMENTS  FOR  OXYGEN  DELIVERY 


SUPERCRITICAL  OXYGEN  HEATING  REQUIREMENTS  FOR  PRESSURIZATION 

The  pressure  in  the  storage  container  is  to  be  held  constant  at 
55  atm.  The  initial  density  ( p  )  is  1.0639  g/em^  or  33.8717  g-mol/liter. 
This  density  was  calculated  assuming  the  container  was  initially  filled 
„ith  liquid  at  one  atmosphere  to  95$  of  the  container  volume. 

The  fluid  heac  input  required  for  constant  pressure  operation  in  a 
supercritical  storage  vessel  can  be  derived  from  the  first  law  of  thermo¬ 
dynamics.  The  result  is  given  by 


where 


(29) 


q  =  Rate  of  heat  transfer  (by  any  method)  into  the  vessel,  joules/ 
sec  or  watts 

m  =  Weight  or  mass  flow  put  of  the  vessel,  mol/sec 
h  =  Erthalpy  of  the  fluid  in  the  vessel,  joule/mol 
p  =  Pressure  of  the  fluid  in  the  container,  atm 
h  -  Density  of  the  fluid,  g/cm'  or  mol/cn> 

It  is  noted  that  the  fluid  density  is  directly  proportional  to  the 
'.11  density  and  the  fraction  of  the  initial  tank  contents  remaining  in 
the  vessel  at  any  time,  Thun  the  fluid  heat  input  ia  directly  proportional 
to  delivery  rate  and  to  a  quantity  which  can  be  determined  from  the  thermo¬ 
dynamic  properties  of  the  fluid  stored.  This  quantity,  -  £)(bi>/bp)p.  1® 

a  function  of  fluid  density  at  given  constant  pressure  and  thus  varies 
during  operation.  Fluid  temperature  also  varies  during  operation. 


i  < 


However,  since  there  is  only  one  phase  and  pressure  is  held  constant,  only 
one  other  thermodynamic  variable  is  necessary  to  define  the  procecs,  i,e., 
temperature  or  density. 

The  specific  heating  rate  equation  (29)  was  calculated  numerically 
from  tabulated  thermodynamic  data  given  by  Stewart  (1966).  The  results 
of  equation  (29)  are  plotted  in  figure  6u  as  a  function  of  percent  weight 
remaining  in  the  container  where 

Percent  Remaining  Weight 

Figure  61  shows  the  fluid  temperature  as  a  function  of  percent 
weight  remaining  in  the  container  for  constant  pressure  delivery  of 
supercritical  oxygen  at  55  atmospheres.  This  curve  will  be  used  to 
calculate  the  heat  transfer  into  the  container. 


LIQUID  STORAGE  WITH  HEATING  AND  VAPOR  REMOVAL 


For  this  study  the  liquid  will  be  considered  to  be  stored  at  constant 
pressure.  The  two  phases  will  oe  considered  separated  in  the  storage  vessel 
with  only  the  vapor  removed. 


where 


Pressure  and  temperature  are  constant. 
Applying  the  First  Law  of  Thermodynamics 
to  the  process, 


6q  ^  <5u  '  hy  6m 


(30) 


r 

OQ 


Keat  added  in  time  (3  0 


»  Change  in  internal  tnergy  change  of  the  fluid  in  the  vessel 


h.,  *  Enthalpy  of  the  vented  vapor  (in  this  case,  enthalpy  of  the 
saturated  vapor  at  the  pressure  f) 

6  «  «  Vapor  removed  in  tie*  6  9 


118 


119 


Substituting  the  definition  of  enthalpy  of  the  liquid  (h^  =  u^  +  P/ p^) 
into  equation  (34),  where  is  the  liquid  density,  gives 

6u  =  -6mhL  +  (5mP/pL  +  (o2V  -  mlv)  (x^  -  uL)  l 


UV_UL~hV"hL~ 


:  _L.  v  v 

Pv  '  PJ=^ 


_P(A-A’ 

\p7PT, 


■2T  *  *1T  *  PAl, 


where 


At,  is  the  volume  of  liquid  evaporated 
L 


pL  {mU  "  m2T^ 


-2r-"iT=7^  (,u  ■  *a] 

Substituting  equation  (32)  into  equation  (37)  gives 


H  £  HV  ,  \ 

B2V  ’  V  =  pi  0m  +  "pi  (m2V  -  V 

Py  r  (  \  L  M 

A  ’  (‘2»  ‘  *1t)  (  ‘P l] 


®2T  *  "IT  ’  *5* 
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Substituting  equations  (38)  aid  (36)  into  equation  (35)  gives 

6d- 

or 

6o  =  -<5^  ♦  <%  [^r-J  Ov  -  V 

Combining  equations  (39)  and  (30)  gives 

(5Q  =  -6»  (hV  “  V  +  j5~^~  (hV  “  V  =  6n  \  -  hL)|^ 

Dividing  by  the  time  interval  6  ©  and  letting 


Pl 

Pl  ~Pv 


_  ik 

4"f. 

,  6. 


t;ives 


where 


“v  -  \  -  «VL 


st&yi  ATT* 


H»at  of  vaporization  of  the  liquid  at  the  prorsura  P,  j/g 
Vapor  removal  rate,  g/stc 
Rate  of  heat  addition,  wat^a 
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For  liquid-oxygen  storage  at  1  atm  (1.0333  kg/cm) 

PL  “  35.6471  mol/liter 
=  C.1396  mol/liter 


_£L _ _  25*6421 .  ,  .  Oji22i- 

PL  -  pv  35.5075  35.5075 


1.00392 


=  6825.8  j/mol  =  213.30  j/g 

and  from  equation  (40) 

q  =  £(213.30)  (1.00392) 

q  =  214.14  £  (liquid  storage  at  1-atm  absolute  pressure) 
^  =  214.14  w/g/sec  (constant) 

SOLID  STORAGE  WITH  HEATING  AND  VAPOR  REMOVAL 


The  equation  for  heating  and  vapor  removal  of  constant  pressure 
for  liquid  storage  also  applies  tc  solid  storage  (with  solid  and  vapor  in 
equilibrium  below  the  triple  point  pressure)  with  the  substitution  of  the 
heat  of  sublimation  lor  che  heat  vaporization  and  the  solid  density  for  the 
liquid  density.  Thus  for  solid  storage 


q 


IA-1 


(41) 
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where 


Heat  addition,  watts 
Mass  rate  of  vapor  removal,  g/sec 
Heat  of  sublimation,  j/g 

Density  of  the  solid  at  the  container  pressure  and 
temperature,  mol/liter  or  g/cu  cm 

Density  of  the  vapor  at  the  pressure  and  temperature 
in  the  container,  mol/liter  or  g/cu  cm 

For  solid-oxygen  storage,  the  pressure  will  be  less  than  1.14  mm  of 
Hg  absolute  where  the  vapor  density  will  be  negligible  compared  to  the 
density  of  the  solid.  Then  for  the  solid-oxygen  storage,  equation  (4l) 
becomes: 

q  =  &  A„  (42) 

c 

For  solid  oxygen  slightly  below  the  triple  point  (T.P.)  (54.36°K  and 
1.14  torr),  the  heat  of  sublimation  is 

As  =  8176.0  j/mol  (at  T.P.) 

=  255.50  j/g 

and 

=  255.5  watts/g/sec  (at  T.P.) 
m 

(l9-3$  greater  than  the  liquid  storage  at  1  atm) 


q  = 

m  = 

As  - 

/°'s 

H  - 
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APPENDIX  III 


ANALYTIC  STUDY,  COMPARISON  OP  LIQUID  VERSUS 
SOLID  OXYGEN  STORAGE 


INTRODUCTION 

A  comparison  analysis  of  solid  versus  liquid  oxygen  storage  life 
has  been  made  where  the  solid  is  reduced  to  the  liquid  phase  after  the 
extended  storage  time.  By  starting  with  solidified  oxygen,  instead  of 
the  saturated  liquid  for  either  the  subcritical  or  supercritical  storage 
systems,  advantage  can  be  taken  of  the  sensible  heat  capacity,  heat  of 
fusion,  and  increased  density  of  the  solid  to  increase  its  storage  life. 
This  can  be  done  by  launching  it  as  a  solid  and  then  allowing  it  to  liquefy 
after  launch.  A  comoination  of  methods  could  be  used  to  achieve  maximum 
usage  of  the  solidified  oxygen.  An  example  would  be  the  case  in  which  a 
portion  of  the  solid  oxygen  is  sublimed  to  space  prior  t o  liquefacation. 
Instead  of  wasting  that  part  of  the  oxygen  which  would  be  lost  to  space, 
it  could  be  sublimed  to  adsorbents  which  would  subsequently  raise  its 
pressure  to  a  breathable  level.  However,  when  the  solid  is  being  melted, 
the  container  would  be  sealed. 

The  general  procedure  is  to  start  with  solid  oxygen  in  a  given 
Dewar  where,  with  the  increased  density  of  the  solid,  a  greater  loading 
of  oxygen  in  the  container  can  be  realized  than  is  possible  with  liquid 
oxygen.  (Solid  is  14  percent  greater.)  Using  both  the  latent  heat  of 
the  solid  and  the  sensible  heat  of  solid  and  liquid  finally  ending  up 
with  a  container  of  liquid,  extended  storage  time  can  be  achieved.  Also, 
the  extended  storage  timo  can  be  increased  by  cooling  the  solid  below 
the  triple  point  to  achieve  a  greater  density  loading  of  solid  oxygen. 

(Due  to  solid  phase  changes,  loadings  of  up  to  28  percent  by  weight 
greater  than  liquid  can  be  achieved.)  In  addition,  the  cooled  solid  has 
a  greater  hjat  of  sublimation,  as  well  as  the  increased  sensible  heat 
of  the  cooled  solid. 

Three  procedures  were  analyzed  which  involve  starting  initially 
with  solid  oxygen  and  ending  with  liquid.  The  three  procedures  for 
calculation  purposes,  shown  schematically  in  figures  62  and  63,  are 
described  in  the  following  paragraphs. 
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PROCEDURE  nr  1  PROCEDURE  II 


§ 
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Figure  63*  Oxygen  Initially  Stored  as  a  Solid 
at  43-79K  (Phase  II),  and 
1 2K  (Phase  III),  Respectively 


PROCEDURE  I,  FIGURE  62 

The  container  start3  95  percent  filled  (by  volume)  with  solid 
oxygen  at  the  triple  point  (Phase  I)  and  having  a  density  of  1.300  g/cc. 
Enough  solid  oxygen  is  allowed  to  sublime  (with  venting)  to  yield  a 
solid  oxygen  weight  equal  to  the  desired  liquid  oxygen  weight  (95  percent 
full  by  volume).  The  solid  is  allowed  to  melt  without  venting  to  yield 
liquid  at  the  triple  point.  Thirdly,  the  liquid  pressure  and  tempera¬ 
ture  is  allowed  rise  without  venting  to  one  atmosphere  and  90,2  K, 
respectively.  At  this  point,  the  oxygen  is  stored  as  a  liquid  with 
venting  of  vapor  at  one  atmosphere  inside  the  container.  The  density 
of  the  liquid  oxygen  at  its  normal  boiling  point  is  1.141  g/cc. 

The  following  paragraphs  present  the  formulation  of  the  storage  time 
when  a  container  is  initially  filled  95$  full  of  solid  oxygen  and  allowed 
to  sublime  until  the  remaining  weight  is  equal  to  the  equivalent  of  a 
ontainer  95$  full  of  liquid  oxygen. 

The  remaining  (solid  or  liquid)  oxygen  after  storage  time  0 
(with  sublimation  or  evaporation)  is  given  by 


(43) 


where 

Q  ==  time,  days 

m  =  vapor  removal  rate,  kg/ day 

W  =  initial  weight  of  oxygen,  kg 
°2 

W  =  weight  of  oxygen  remaining,  kg 
°2R 

The  vapor  removal  will  be  gover..M  bv  the  total  heat  leak,  Q.  , ,  into 

tot 

the  container.  For  both  solid  and  liquid  storage, 

q  =  mK  (44) 


i 
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where 


With 
The  W, 


for  W( 
would 

Also, 

where 


q  =  the  heating  rate  necessary  to  yield  a  vapor  removal 
rate  of  m  (kg/day),  watts 


K  =  a  constant,  though  different  for  solid  and  liquid, 

K  =  2.4785  watts/kg/day  for  liquid  storage  at  the  normal 
boiling  point  and  X  =  2.9618  watts/kg/day  for  solid 

storage  at  the  triple  point. 


Q  © 

*tot 

K 


(45) 

(46a) 


(46b) 


In  general,  the  information  desired  is  the  storage  time,  0  , 

of  the  solid  to  be  equal  to  the  initial  weight  of  liquid  which 

2 

fill  95#  of  the  original  container. 


°s  -  tr  (Vs-  V’ day3 

tots  2 


(47) 


the  time  for  the  remaining  solid  to  melt,  9  ,  i3 


m 


-  'o/f  (48) 

H  =  the  heat  of  fusion  at  the  triple  point,  watt/hr/lg, 

1  (Hj.  =  3.8S0  watt-hr/kg  for  oxygen) 

q  =  the  average  heat  leak  melting  the  solid,  Witt. 


Since  the  temperature  is  constant  during  ‘he  melting 


where  .  ■  the  total  heat  transfer  into  the  solid  oivgen. 

tots 


V  (3-86',) 

(24) 


,  days 


“,h"'02H  *  \l 


0  -  0.161  — 
m  Q, 


At  this  point,  the  stored  oxygen  has  been  raised  to  the  liquid 
state  at  the  triple  point  (pressure  of  1.14  torr  and  temperature  of 
54.36  K),  by  sealing  the  container  and  letting  the  heat  transfer  into 
the  container  melt  the  solid  oxygen.  Additional  storage  time  can  be 
realized  by  letting  heat  be  absorbed  by  the  liquid  (maintaining  a 
sealed  container)  and  raising  the  pressure  and  temperature  of  the 
liquid.  The  sensible  heat  absorbed  in  changing  the  saturated  liquid 
at  the  triple  point  to  a  saturated  liquid  at  the  normal  boiling  point 
is  16.332  watts-hr/kg  for  oxygen. 

The  time  for  this  sensible  heat  change,  0^  (days),  neglecting 
the  snail  h<-at.  capacity  of  the  container  and  part  oi  the  insulation, 
is  given  by 


32 


jJUiL  (V 

24  V  02L' 


where  is  the  average  heat  leak  into  the  liquid.  Since  the  temperature 
changes  iroa  54.36  K  to  90.16  K  in  the  sensible  heat  change,  the  heat 
leak  will  vary  from  Q  ^  for  the  so^id  to  _  for  the  liquid.  How¬ 
ever,  neglecting  the  aaafl  change  in  thermal  Conductivity  of  the  insula¬ 
tion  and  supports  with  temperature, 


*  (Q  ♦  Q  ) 
2  v  tots  totl^ 
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and  the  heat  leak  is  proportional  to  the  ambient  to  oxygen  temperature 
drop,  or 


298-T 

Q  =  Q  - - 

totl  tots  298-Tc 


(53) 


where 


liquid  oxygen  temperature,  K 


f-  =  solid  oxygen  temperature,  K 

For  this  case,  T.  =  90.16  K  and  T_  =  54.36  K  and 
L  o 


0  =  Q 

totl  tots 


207.82 


243.64 


=  0.854  Q 


tots 


Then 


’L  4  ^  “tot.  *  °-927  *t.t. 


and  from  equation  (52) 


0  =  s 
L  0.927(24) 


Vi 

^tots 


or 


°2L 

®L  =  0,7315  Q -  (d*ys) 

TOtS 


(54) 


The  total  time  ia  8  >  ^  '  8  ♦  0. .  Combining  equations  (47), 

(51),  and  (54)  gives  w  m 

K 


tots 


rw  1  *  9-8?7 

y 

0„3  Q. 

0_L  Q 

0  L 

2  tots 

V  . 

4 

rt 

O 

r* 

a 

0 

l  -  - 

(55a) 
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The  derivation  of  equation  (55b)  is  for  t‘  •»  condition  ^  =  ^0, L* 

a  function  of  the  container  radius.  Q,  .  is  a  function  of  r.  and  t  , 

tots  i  ins 

the  insulation  thickness.  The  results  of  equation  (55b),  ueing  computer 
generated  data,  are  plotted  in  figures  26  and  27  of  the  report. 

Figure  26  presents  the  total  storage  life  as  a  function  of  inner 
container  radius  when  insulated  with  flexible  multilayer  insulation. 

Figure  27  presents  similar  data  when  rigid  radiation  shields  are  used 
lor  insulation.  This  storage  life  is  based  upon  starting  with  the 
container  95#  full  of  solid  and  allowing  sublimation  until  the  amount 
of  solid  is  enough  such  that,  wnen  melted,  it  fills  the  container  to 
95#  full  of  liquid.  Of  this  storage  time,  approximately  34#  is  accounted 
for  by  sublimation  and  66#  by  melting  of  the  solid  oxygen  and  changing 
the  sensible  heat  of  the  liquid  to  form  liquid  at  one  atmosphere  of 
pressure.  During  the  sublimation  portion,  venting  would  be  required, 
anl  during  the  melting  portion,  no  venting  would  b~  required. 

The  time  to  vaporise  the  remaining  liquid  oxygen  is  given  by 

a,  -  2-1785  »o2L/atotl  u»y=)  <*> 

where  Q  =  the  total  heat  tie- sfer  into  the  container,  watts  (liquid 
°  oxygen  90.18  K  anu  the  supports  designed  for  solid  oxygen, 

95#  full), 

=  the  initial  weiwK  of  liquid  oxygen,  kg. 

U„li 
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Figures  30  through  37  of  the  report  show  the  relative  weight  of 
oxygen  as  a  function  of  time  for  this  procedure  of  extending  the 
storage  time  of  oxygen  as  curve  number  "2",  Curve  number  "1"  is  for 
a  container  which  is  designed  for  initially  95$  full  of  liquid  oxygen. 

PROCEDURE  II,  FIGURE  63 

The  container  starts  95$  filled  (by  volume)  with  solid  oxygen  at 
43.79  K  (Phase  II)  having  a  density  of  1.397  g/cc.  Enough  solid  oxygen 
is  allowed  to  sublime  (with  venting)  to  yield  a  solid  oxygen  weight 
equal  to  the  desired  liquid  oxygen  weight  (95$  full  by  volume).  The 
remaining  solid  is  allowed  to  warm  up  without  venting  to  the  triple 
point  temperature  and  pressure.  At  this  point,  the  procedure  is  the 
same  as  in  Procedure  1,  with  the  melting  solid  and  sensible  heat  change 
of  the  liquid. 

There  is  initially  1.397/1.300  =  1.075  times  the  initial  weight 
of  solid  oxygen  as  in  Procedure  I,  and  there  is  an  increased  heat  of 
sublimation  also,  K  =  3.300  watt-day/kilogram  (w-day/kg) .  The  weight 
is  8 


y  ..  1«  227  u  _  i  poc  u 

W02S  ■  1.141  02L  ~  1,0  W02L 


Equation  (47)  for  this  procedure  becomes 


Og  =  (1.225  -  1.000)  (3.300)  WQ  ./Qjj 

giving 

8n  -  9s  -  °'7420  \l\i 

where  is  the  heat  transfer  experienced  on  path  II. 

From  state  (S)  to @ in  figure  63,  the  heat  capacity  of  the  solid 
from  figure  3  of  the  report  is 

Aeiix  -  117.60  +  11.05(10.563)  =  294.3 2  cal/mol 

=  0.4453  w-day/kg 


(57) 
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The  time  for  the  temperature  rise  in  the  solid  oxygen  is 


0.4453 


(5e) 


where  Qjjj  is  the  average  heat  transfer  into  the  solid  along  path  III 
(figure  3)  whore  the  solid  oxygen  temperature  changes  from  43.78  K  to 


54.36  K. 


The  remaining  state  changes  are  the  same  as  for  Procedure  I. 

State  @  to© 

(59) 


(60) 

'  '■‘-y 

where  Q  and  are  the  heat  transfer  experienced  on  paths  IV  end  V, 
respectively. 

Computer  results  for  Q  ,  Q_  ,  ^tv'  an<*  Sr*  e9Vial  to  the  total 
heat  transfer  for  the  temperature  experienced  at  the  state  points  shown 
on  figure  63»  were  used  tc  compute  Ojj  through  Qy,  The  total  time  is 
plotted  on  figures  28  and  29  of  the  report  as  a  function  of  container 
radius  and  insulation  thickness.  Approximately  1.85  times  the  extended 
storage  time  is  achieved  by  Procedure  II  as  by  Procedure  I. 

Figures  50  through  37  of  the  report  show  the  relative  weight  of 
oxygen  as  a  function  of  time  for  Procedure  II  as  curve  number  "3". 

PROCEDURE  III,  FIGURE  63 

Procedure  III  is  the  same  as  Procedure  II  except  that  the  95^ 
full  container  at  43.78  K  is  cooled  to  12  K  initially  to  gain  the  extra 
sensible  heat  of  the  solid  from  12  K  to  43.79  K. 


0„L 


eiv  -  °’16oe  i 


nr 


and  for  state  ©  to  © 


°2L 

°v  *  °-6805  0 


133 


The  added  storage  time,  ©  ,  to  he  added  to  the  time  for  Procedure 
II,  is  the  time  for  the  solid  to  rise  in  temperature  from  state @ 

(l2  K)  to  state  @(43.78  K) .  The  heat  capacity  from  figure  3  of  the 
report  is 

Bj  =  22.42  +  8.05(19.914)  +  2.76  (11.886) 

=  215.53  cal/mod  =  0.3261  w-day/kg 


The  added  storage  time  is 


Oj  =  0.3261  WQ  g/Qj  =  1.225  (0.3261)  WQ  ^  =  0.3995  WQ 


(61) 


©j  extends  the  total  storage  of  Procedure  II  by  approximately  16#. 
Figures  30  through  37  of  cho  report  show  the  relative  weight  of  oxygen 
as  a  function  of  time  for  Procedure  III  as  curve  "4". 


SUPERCRITICAL  STORAGE 


The  container  is  initially  filled  to  95#  full  of  liquid;  nence, 
the  initial  weight  of  supercritical  fluid  is  the  same  as  for  the  liquid. 
The  time  for  the  liquid  (sealed  container)  to  reach  the  supercritical 
state  at  55  atmospheres  is  governed  by  the  mass  of  oxygen  and  the  change 
in  internal  energy  of  the  two  states,  Ae  .  From  Stewart  (1966). 


Aesc  =  -3574.3  -  (-4280.4)  =  706.1  j/mol  =  0.2554  w-day/kg 


The  time  to  reach  55  atmospheres  is 


¥. 

©sc  -  0.2554  - 


SC 


(62) 


Where  is  the  everage  heat  transfer  for  the  oxygen  at  90.18  K  and 
104.2  K7  watts. 


At  this  point,  the  Supercritical  fluid  container  would  begin  to 
vent  (by  pressure  regulation).  However,  the  vent  rate  varies  with  time 
because  of  the  riss  in  oxygen  temperature  (figure  61  of  Appendix  II), 
and  because  of  the  variation  of  the  specific  heat  capacitv  (figure  60 
of  Appendix  II).  The  calculation  is  as  follows: 
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The  ma*<s  flow  of  supercritical  fluid  is 


_VE) 

xsc 


m=7rM 


(63) 


where 


R  =  the  fraction  remaining  in  the  container,  or  relative 
weight  of  oxygen  in  the  container 


KSC(E> 

Qtot(8) 


=  the  specific  heat  capacity  given  in  figure  60,  w-sec/gram 

=  the  total  heat  transfer  to  the  oxygen  which  is  a  function 

of  temperature  which  varies  with  R  as  given  in  figure  61,  watts 


Dividing  equation  (63)  by  W  T  gives 

°2L 


mr  W 


m 


0,L 


9t0t(R) 

W02lksc(r) 


(64) 


where 


■o2l 


=  the  "reduced"  mass  flow  rate,  g/sec 
=  the  initial  weight  of  oxygen,  grams. 


The  Q  variation  with  temperature  is  obtained  from  the  IBM 

360  computer  heat-transfer  program.  Values  for  m  are  computed  then  as 
a  function  of  R,  using  equation  (64).  The  variation  of  R  with  time  (©) 
is  given  by  a  numerical  integration  of  the  reciprocal  of  m  with  respect 
to  R  as  follows 


0  = 


R 

r 


1.0 


(m  )  ^dR 

r 


(65) 
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or  numerically  by 


9  =  EI&J”1  Ar  (66) 


where  m  is  the  average  m  over  the  interval  A R. 

r  r 

The  relative  mass  variation  for  a  supercritical  fluid  was  generated 
for  two  cases,  shown  in  figures  30  and  31  as  curve  number  "5".  The  curves 
steady  out  at  6,7#  (0.067)  because  the  heat  transfer  goes  to  zero  when  the 
oxygen  temperature  reaches  the  ambient  temperature  (figure  61  of  Appendix  II). 
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APPENDIX  IV 


ANALYSIS  OP  WEIGHTS  I'OR  OXYGEN  STORAGE  SYSTEMS 


The  weights  of  the  various  components  which  make  up  the  super¬ 
critical,  subscritical  (liquid),  and  solid  oxygen  storage  systems, 
aro  calculated  as  described  herein. 

STORED  OXYGEN 

Refer  to  figure  64. 

Subcritical  (Liquid) 

"l02  ■  Pi™  (67) 

where: 

Weight  of  liquid  oxygen,  gm 

Density  of  liquid  oxygen,  gm/cm^ 

3 

Container  volume,  cm 
K  =  Fill  factor,  0.95 

for  a  spherical  container,  the  contained  volume  is 


(66) 


(69) 


1)7 


! 

k> 

p. 


i 


Figure  64.  Oxygtn  Container 


Supercritical 


where 


¥ 


SCO, 


SC 


Then 


SCO, 


WSC02  =  ^sc  v 


=  Weight  of  supercritical  oxygen,  gm 
=  Density  of  supercritical  oxygen,  gm/cnf 
K  =  Fill  factor  is  included  in  the  density 


(70) 


(71) 


from  equations  (68)  and  (70). 

Initially,  the  Dewar  will  be  filled  with  saturated  liquid 
oxygen  at  one  atmosphere  to  95$  of  capacity.  The  pressure  will  be 
allowed  to  rise  to  55  atmospheres  with  no  bleed  off  (constant  volume 
and  mass) .  Then 

AjC  -  °-95  Pl  +  °-05  '•'V 


(72) 


where 


r 

n 


Density  of  saturated  liquid  at  one  atm, 

Density  of  saturated  vapor  at  one  atm. 

«  * 

-  =  1.1407  gm/cnf 


/■i 


'Z 

-  0.0045  gra/cin 


Then 

ron  =  0.95(1.1407)  0.05(0.0045)  =  1.142  -  0.0C-  (1.1407  -  0,0045) 

oL 

“  1.0659  gm/cm3 

practically  the  cams  as  the  liquid  with  i.he  fill  factor. 
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Solid 


where 


Then: 


Weight  of  solid  oxygen,  gm 
Density  of  solid  oxygen,  gm/cm^ 


Prom  equations  (68)  and  (73) 

"so2  =  3  IT  ri’  °s  K 


(73) 


Figure  65  presents  the  weight  of  contained  oxygen  as  a  functions 
of  inner  container  radius  (r^)  for  solid,  liquid,  and  supercritical  storage 
of  oxygen. 

INNER  CONTAINER 


The  inner  container  will  always  be  subjected  to  an  internal  pressure 
because  of  the  vacuum  jacket  for  the  insulation.  Thus,  the  internal 
pressure,  P^,  will  be  the  maximum  absolute  pressure  experienced  by  the 
inner  container  for  each  storage  mode  considered.  The  container  con¬ 
figuration  will  be  a  3phere. 

Subcritical 


The  maximum  pressure  will  be  one  atmosphere  absolute  P  = 

1.0333  kg/cm^.  A  safety  factor  of  1.67  will  be  applied  to  the  yield  stress. 
The  container  material  will  be  Inconel  718,  which  has  a  density  of  8.20  g/ca 
and  a  yield  stress  of  1.23  x  10^  kg/cm^. 

The  wall  thickness  for  the  spherical  container,  which  is 
under  a  "low"  internal  burst  pressure,  is  given  by  the  relation: 


6  7  89 


Fluid  Initially  Storad  96% 


(77) 


Supercritical 

The  maximum  pressure  will  be  55  atmospheres  absolute, 

P^  =  56.65  kg/cm^,  A  safoty  factor  of  1.67  will  be  applied  to  the  yield 
stress.  The  container  material  will  be  Inconel  718,  which  has  a  density 
of  8.20  g/cm^  and  a  yieli  stress  of  1.23  x  10^  kg/cmp. 

The  wall  thickness  for  the  spherical  container,  which  is 
under  a  "moderate"  internal  burst  pressures,  is  given  by  the  relation 


r  y  1 

4  =  ri  L  Vi  +  -J-  -  !j 


where  the  symbols  have  all  previously  been  defined.  With  the  container 
defined  in  the  first  paragraph,  t/r^  =  0.00385  and  P^f/S  =  0.00771. 


The  weight  of  the  spherical  container  is  given  by  the 


relation 


w  _  ill  -  7.  +  t\3  . 

ICSC  "  3  /m  r  Cj 


where 

WICSC  ~  The  inner  container  with  the 

supercritical  oxygen,  gm 

Combining  equations  (78)  and  (79)  gives 

a7T  *  r  p-f  5/2 

W  =  —  f  r  ( 1  +  )  -  1 

ICSC  3  'mi  '  S  ' 

P  f  -  j  P  f  P.f 

Since  — -«1,  then  y'l  +  -r-  =  1  +  and  equation  (80)  becomes 

O  O  cO 


fP.  C  r  p,f] 
i  ha  i  3 

s  3S  ]  ri 


(81) 


Solid 


M1&  Cgntipwuply 

With  solid  oxygen  storage,  the  maximum  internal 
pressure  experienced  by  the  inner  container  will  be  one  atmosphere.  Thus, 
the  inner  container  weight  for  the  continuous  solid  0  storage  will  be  the 
same  as  for  the  subcritical  storage,  i.e.,  equation  (77)  becomes 

fP.  P  T. 

wios  ■  27r  -§-*  ri  (82) 


where 

Wj^g  =  The  weight  for  the  inner  container  for  storing 
solid  0^  continuously,  gm 

Solid  Initially.  Transformed  to  a  Subcritical  Liquid 

With  the  02  initially  stored  as  a  solid  and  then 
transformed  to  the  subcritical  liquid  state  with  a  pressure  no  greater 
than  one  atmosphere,  the  inner  container  weight  will  be  given  by  equation 
(77). 


Solid  Initially.  Transformed  to  a  Supercritical  Fluid 

With  the  O2  initially  stored  as  a  solid  and  then 
transformed  to  a  supercritical  state  with  a  pressure  of  approximately  55 
atmospheres,  the  inner  container  weight  will  be  given  by  equation  (8l), 
assuming  that  the  pressure  in  the  container  is  much  less  than  the  yield 
stress  of  the  container  material. 

INSULATION 

Two  types  of  irsulation,  flexible  multilayer  and  multiple  radiation 
shields  (rigid),  will  be  considered.  A  vacuum  environment  will  be  re¬ 
quired  for  both  types  of  insulation. 

Multilayered  Shields 

Inis  insulation  consists  of  alternate  layers  of  aluminir.ed 
mylar  and  a  thin  spacer  material.  The  density  is  approximately  0.0^33 
gm/cm^  for  80  shields  (mylar  and  spacer)  per  inch. 
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The  volume  of  the  flexible  multilayer  insulation,  independent 
of  the  stored  method,  is  given  by 


VINS  =  3  ^  [ro?  "  ^ri  +  ^  ] 


and  the  weight  of  the  insulation  is  given  by 


r\ 


INS 


=  ^  TT*J 

3  11  ■  ins 


Jr3 

L 0 


-  (-  +  t): 


where 


The  insulation  volume,  cm 
The  insulation  weight,  gm 

The  inside  radius  of  the  outer  container,  cm 
The  density  of  the  insulation  material,  g/cnr 
Rigid  Multiple  Radiation  Shields 


INS 


INS 


rins 


(83) 


(84) 


The  weight  of  this  type  of  insulation  depends  primarily  upon 
the  radius  and  thickness.  When  there  is  more  than  one  shield,  the  tcl-l 
weight  of  the  insulation  depends  upon  the  number  of  shields  and  their 


spacing. 

£>h 

=  Density  of  the  shield  material,  gm/i 

X 

=  Shield  spacing,  cm 

<5 

=  Shield  thickness,  cm 

A,  V. 
jsh 

=  Area  of  the  j  shield,  cm 

t 

=  Inner  container  thickness,  cm 

If  it  is  assumed  that  0<<x,  the  volumes  and  weight  are,  respectively, 


sh 


aZ  a 

J  =  i 


jsh 


(85) 


sh 


Psh  6  X 


3  =  1 


A  •  V 
jsh 


(86) 


For  one  shield 


A  =  4  7T  R* 

lsh 


where  R  is  the  "mean"  radius  of  the  shield;  then 
‘lsh  "  47T(ri  +  t+i)2 


For  two  shields 


A„  .  =  A 


2sh  lsh 


sh  ♦  4  7r(rt  -  t  *  2!)' 


=  4  7T  [(^  +  t  +  x)2  +  (i^  +  t  +  2x)2] 


Then  for  N  shields 


N 


Sjsh  ^jsh 

J 


Au  .  =  4 

Nsh 


7T  [(rA  +  t  +  x)c  +  (^  +  t  f  r’x)2  +  {ri  +  t  +  3x)“  f 
+  (r^  +  t  >  Nx)c] 


lUf, 


+ 


•  f  « 


=  4  7f  [n^  +  t)2  +  2x(r  +  t)  (1  +  2  +  3 
+  x2)l  +  4  +  9  +  ...  +  N2)! 


+  N) 


or  finally 

Vh  -  47r 


+  t)2  +  2x(ri  +  t)  (N)  ■*  '-1)  +  i2 


E  i‘ 

j  - 1 


(87) 


The  tens 


j  can  be  expanded  tbusly 


j  =  1 


N 


2  2  2  2 
J  1  .1  "7  ' 


;  j  =  1  +  2  +  3  +  ...  +  N  =  1  +  4  +  9  +  ...  +  N 

< - > 

2-1 

=|  (N  +  l)  (2N  +  l) 


Substituting  this  into  equation  (8?)  gives 

Vh  =  4T ^  -(ri  +  t)2  +  1  (ri  +  *)  0*  +  1)  +  |  X  2(N  +  l)  ( 2N  +  1)]  (88) 


Substituting  equation  (88)  into  equation  (86)  gives 

V  .  =  47Tn  5  A  f(r.  +  t)2  +  x(r.  +  t)  (N  +  l)  +  7  i2(n  +  l)  (2N  +  l)l  (89) 

The  outer  container  is  considered  a  part  of  the  insulation 
since  its  sole  purpose  is  to  provide  the  vacuum  region  for  the  insulation. 
However,  it  is  treated  as  a  separate  entity  in  the  next  section. 

Several  smull  holes  would  be  provided  in  each  shield  to 
allow  trapped  air  to  be  removed  during  vacuum  pumping.  The  weight  of 
the  "holes"  is  assumed  to  be  approximately  balanced  „ y  small  plastic 
(nylon,  teflon,  dacron,  etc.)  shield  supports  between  each  shield. 


lf*7 


OUTER  CONTAINER 


The  outer  container  will  be  subjected  to  an  external  collapsing 
pressure  because  of  the  vacuum  region  with  the  insulation.  The  weight 
of  the  outer  container  depends  upon  the  radius  (rQ),  the  external 
pressure,  and  the  container  material  and  its  strength.  The  outer 
container  weight  does  not  depend  upon  the  method  of  oxygen  storage  or  the 
sise  of  the  internal  hardware.  The  outer  container  configuration  will 
be  spherical  for  this  study. 

The  maximum  external  pressure  tending  to  colxapse  the  outer  con¬ 
tainer  will  be  one  atmosphere,  PQ  =  1.0333  kg/cm^.  A  safety  factor  of 
1.67  will  be  applied  to  the  computed  wall  thickness.  The  container 
material  will  be: 

Material:  Aluminum  -  6061-T6 

Density:  2.76  g/cin 

Yield  Stress:  2.810  x  10^  kg/cm2 

E  =  7.03  x  105  kg/cm2 

y  -  0.33  (Poisson's  ratio) 

Assuming  that  the  spherical  shell  is  thin,  the  weight  is  given  by 

Woe  =  /)  (4  7Tr2)C  (90) 

oc  '  tr.o  0 

where 


C 

Pmo 


Thickness  of  outer  container  wall,  cm 
Density  of  the  outer  container  material,  g/cm 


The  compressive  stress  in  a  thin  spherical  shell  under  a  uniform 
external  pressure  is 


P  r 

_  ~JL£ 
2C 


1V> 


However,  the  critical  stress  at  which  buckling  would  occur  ie  given 
by  (3ee  Timoshenko  and  Gere  (1962)  ) 


where 


S 

cr 


EC 

roV,(l  " 


(92) 


2 

E  -  Modulus  of  elasticity,  g/ cm 
1/  =  Poisson’s  ratio 

Applying  a  safety  factor,  f,  to  the  wall  thickness  after  equating 

S  to  S  in  equation  (9l)  gives 
c 


Combining  equations  (93)  and  (90)  gives 


W 

oc 


=  A 


mo 


P 

2E 


-  v2){ 


(94) 


The  radius  r  is  related  to  the  inner  container  and  insulation  dimensions 
by  r0  =  r^  +  t  +  (N  +  1]  z  for  shields,  and 

r0  =  r^  +  t  +  tina  eor  multilayer  insulation  in  which 

t  g  -  insulation  thickness.  All  other  terms  have  been  previously  defined. 
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INNER  CONTAINER  SUPPORTS 


The  weight  or  size  of  the  inner  container  supports  depend  upon  the 
mass  being  supported  and  the  acceleration  (G's  -  shock  or  acceleration) 
and  the  strength  of  th|  support  material.  Titanium  alloy  having  a  yield 
strength  of  9150  kg/cm  will  be  used  ae  the  support  material  for  all  the 
storage  applications.  A  safety  factor  of  1.67  will  be  applied  to  the 
calculated  support  cross-section  area. 

The  dynamic  lead  on  the  inner  container  will  be  varied  from  10 
to  50  G's  (in  three  directions).  This  dynamic  load  is  the  result  of 
all  launch  loading  (including  shock,  vibration,  acceleration,  and  any 
amplification  through  the  supports  due  to  the  "spring-mass"  action). 

The  mass  supported  includes 

1.  Stored  oxygen 

2.  Inner  container 

3.  Insulation 

4.  Phase  separator  (for  the  liquid  only) 


but  does  not  include  the  outer  container.  The  total  weight  is: 

V  =  V  +  W  +  W 

T  V  IC  INS 


where 


WT  =  Total  weight,  gm 

WQ  =  Stored  oxygen  weight  (any  method),  gm 

W  =  Inner  container  weight  (any  method),  gm 

J.V/ 


W_,fri  =  Insulation  weight  (either  insulation),  gm 
INo 


For  the  subcrifcitsl  liquid  storage,  the  weight  of  the  phase  separator 
must  also  be  included  in  equation  (95). 


ISO 


The  yield  stress  will  be  designated  by  S  ,  and  with  the  safety  factor, 
f,  the  support  stress  must  be  such  that  y 


fS  £  S 

s  y 


Using  the  "equal"  relation,  then 


S  V  a 

JL  -  JL. 

f  As 


Solving  for  A  gives 
s 


A  = 
s 


(99) 


With  L  as  the  support  length,  then  the  volume  is 
s 

V  =  A  L 

S  S3 


The  weight  of  four  supports  is 


“a  =  4b  A 


fW_a 

JL. 


(100) 


As  shc./n  in  Appendix  I,  Analysis  of  Heat  Transfer  to  the  Stored 
Oxygen,  the  support  length  will  be  calculated  by: 


L 


3 


t 


With 

Sy  =  9150  kg/cm2 

P  =  4.52  gm/cin 
s 

a  *  86.6  G 


L 


s 


200  cm  maximum 
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V 

5s  =  4(86.6)(l.67)(4.52)(20O)/(915O  x  103) 

T 

=  0.064  =  6.4$ 


Or  thus,  the  support  weight  is  only  a  small  part  of  the  total  weight. 
However,  equation  (99)  will  be  used  in  calculating  the  support  heat 
leak  in  Appendix  I. 
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AFPENDIX  V 


ANALYSIS  OP  OXYGEN  USAGE 

For  this  study,  oxygen  usage  will  be  by  three  methods 
.  Crew  breathing 

•  Space  cabin  leakage 

•  Extra-vehicular  activities;  iir  lock  operation 
CREW  BREATHING 

The  oxygen  usage  rate  for  crew  breathing  has  been  set  for  this 
study  at  1.13  kg/day/man.  When  T*.  is  the  number  of  men  in  the  crew, 
the  combined  oxygen  breathing  rate  (W  )  can  be  expressed  as  follows: 

D 

ffB  =  1.13M  (kg/day)  (lOl) 

SPACE  CABIN  LEAKAGE 

The  space  cabin  leakage  rate  (Lg)  will  be  varied  frcm  0  to  1  kg/day. 
EXTRA-VEHICULAR  ACTIVITIES 

3 

For  this  study,  a  1.5  m  air  lock  will  be  opened  once  per  day  for 
0  to  100$  of  the  mission  days.  A  cabin  oxygen  partial  pressure  (or 
total  pressure  when  no  diluent  is  used)  of  150  to  2 50  torr  will  be 
considered. 

With  the  space  cabin  at  298  K,  the  oxygen  densities  for  the  2 
cabin  pressures  are 

P  =  150  torr  =  0.19737  atm;  P  =  0.005073  mol/liter 
c  c 

=  0.0002583  g/cm3 

P  =  250  torr  =  0.32895  atm;  P  =  0.013456  mol/liter 
c  c 

=  0. 0004306  g/cm3 

151* 


where 


The  total  oxygen  usage  rate  is 

Vn  =  1.13M  +  L  +  1.5  P  p  -105 
0„u  e  u*c 

L. 

9 

Figures  66  and  67  present  the  oxygen  usage  rate,  V  f  equation 

O  u 
2 

(106),  as  a  function  of  the  number  of  men,  leakage  rate,  and  air-lock 
usage  factor  for  chamber  oxygen  pressures  of  150  and  250  torr, 
respectively. 


(106) 
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Oxygen  U*ag»  Rat*  W,  ),  kg/ day 
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Figura  M  Oxygon  Uaaga  Rat?  a»  •  Function  of  No.  of  Mon.  Leakage  Kata  and  AirLock  Oaga  Factor 
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Figura  97.  Oxyywi  Jaaga  Rata  aa  a  FyncOon  o<  No  .  of  Man.  LaMta^t 
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[ '  3  ABSTRACT  | 

The  use  of  solid  oxygen  for  storage  and  supply  systems  in  space  applications  was 
studied  both  analytically  and  experimentally.  The  analysis  indicated  that  the  use 
of  solid  oxygen  could  provide  substantially  longer  storage  times  over  that  obtainable 
with  subcritical  and  supercritical  oxygen.  Oxygen  transport  from  the  vacuum  storage 
condition  of  solid  oxygen  to  a  condition  suitable  for  breathing  was  demonstrated 
experimentally  by  two  methods,  vapor  transport  using  cryosorptlon  pumps  and  3olid 
transport  by  mechanically  moving  the  solid  through  a  vapor  lock.  A  preliminary 
analysis  of  the  transport  methods  indicates  that  the  mechanical  system  should  be 
the  most  suitable. 
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